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Abstract 
Computational chemistry is a powerful tool to model different materials and predict their physical 
and chemical properties. The goal of this thesis was to apply different computational chemistry 
tools to model the properties of two classes of closely related organic compounds: formazans and 
tetrazolium salts for ionizing radiation dosimetry in water-based gels, whereby the absorbed dose 
is registered by optical detection of formazan formation from tetrazolium salts. The structural 
parameters of phenyl and benzothiazolyl-substituted tetrazolium salts and formazans were 
computed using the APFD density functional theory (DFT) model and 6-311+G(2d,p) basis set. 
Conformational searching of stereoisomers and tautomeric forms of formazans were analyzed in 
gaseous state, methanol, and chloroform solutions. It was found that formazans exist as a mixture 
of conformers. Two compounds, 2-(2-benzothiazolyl)-3-(4-nitrophenyl)-5-phenyltetrazolium and 
1-(2-benzothiazolyl)-5-(4-nitrophenyl)-3-phenylformazan were used as model molecules for 
frontier molecular orbital analysis (FMOA), charge distribution, IR and NMR (1H and 13C) spectra. 
The FMOA allowed for quantitative comparison of the reactivity of the tested molecules, while 
the spectrum modelling showed good agreement with experimental data. The UV-Visible spectra 
of tetrazolium salts and formazans was examined using seven select molecules and two models. 
Finally, the wavelengths of maximum absorbance for twelve formazans important for radiation 
dosimetry were calculated using multiple DFT models and compared with experimental data, 
obtained from in-gel dosimetry. In conclusion, DFT modelling showed excellent results and 
proved to be useful as a tool for predicting the properties of formazans and tetrazolium salts. 
Keywords:  
Computational chemistry, Tetrazolium salts, Formazans, Gel dosimetry  
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Summary for Lay Audience 
The goal of this thesis is to apply different computational chemistry tools to model physical and 
chemical properties of two classes of closely related organic compounds: tetrazolium salts and 
formazan molecules. Up on radiation, tetrazolium salts convert to intensity colored formazan 
molecules. The observed color intensity helps to determine the amount of radiation. To mimic 
human body, water-based gels containing tetrazolium salts dosimetry device was selected. Its 
purpose is to study the amount and distribution of dose prescribed to radiotherapy patient as a 
quality assurance device. Several materials’ optical properties were investigated using Gaussian 
software. The model prediction showed a good agreement with experimental results. Therefore, it 
can be used to test similar potential materials. This reduces experimental cost to synthesize and 
test new materials for dosimetry application.  
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Chapter 1. Thesis Overview 
Computational chemistry is a powerful tool to model different materials and predict their physical 
and chemical properties. In this thesis, different computational chemistry tools are applied to the 
properties of two classes of closely related organic compounds: formazans and tetrazolium salts. 
Formazans (F) are a class of intensely colored dyes that form redox pairs with tetrazolium salts 
(T) – positively charged aromatic compounds with typically low absorbance in the visible part of 
the spectrum. That dual nature of the F-T pair has found widespread application as colorimetric 
indicators used in histology [1-3] and biomedical research [4-6]; further uses include the dosimetry 
of ultraviolet [7-9] and ionizing radiation [10, 11]. Formazans have also been used as specialty 
dyes [12, 13] and transition metal ligands [14, 15]. One to three substituent groups can be added 
to the formazan/tetrazolium structure with hundreds of individual compounds discovered by the 
middle of the 20th century [16]. Since then, research has continued, and new materials have been 
synthesized, typically related to a specific application, such as the development of tetrazolium salts 
that form water-soluble formazans [17], 2-benzothiazolyl tetrazolium salt as indicators for 
reducing substances [18] and antiplasmodial drugs [19]. The steady research into new tetrazolium 
salts and formazans shows an appetite to expand the library of available materials as well as 
methods to prepare them [20, 21]. However, most synthesis approaches for formazans and 
tetrazolium salts are notoriously laborious and can result in low yields and large amounts of solvent 
waste. Computational chemistry can be used to evaluate these difficult-to-synthesize materials; 
however,  but  modern computational approaches to the study and design of new formazans and 
tetrazolium salts are limited: modeling of select materials have been reported by Tezcan [22-25] 
and more recently Turkoglu [21, 26] but systematic studies of formazans and tetrazolium salts 
involving variety of computational approaches, are still lacking. In this thesis, a comparative study 
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of different formazans and tetrazolium salts modelled in silico using several density function 
theory approaches to estimate the geometric configuration, isomer stability of spectral 
characteristics of the materials is presented. Emphasis has been placed on benzothiazol-2-yl 
containing structures due to increased chromaticity relative to phenyl-substituted formazans. It is 
hoped that this research will present a framework for further expansion of library of known and 
possible tetrazolium salts and formazans as well as directions for their applications. 
  
3 
 
 
Chapter 2. Literature Review 
2.1. Radiation Dosimetry 
Radiation dosimetry concerns itself with determining the “absorbed dose” of different media such 
as biological tissues, water, equipment, etc. The absorbed dose is a measure of the energy 
deposited by ionizing radiation per unit mass and is measured in units of gray (Gy), where one 
gray is one joule of energy absorbed per kilogram of matter. The quality of radiotherapy of cancer 
depends on accurate measurement of the dose delivered to internal organs with high accuracy. 
Proper dosimetry ensures that not only the prescribed dose has been delivered to the cancerous 
tissue, but also that the radiation burden to healthy tissue is minimal.  
To ensure that the desired treatment is safe and effective treatment, validation and process control 
procedures need to be implemented [27]. To that end,  the absorbed dose and dose distribution are 
determined with a appropriate dosimetry approach at a required level of accuracy and precision. 
Quality assurance is implemented before treatment, while quality control measurements prove that 
information on the actual delivery. For both, a careful selection of the dosimetry system and precise 
work are required.  
Patients treatment involves several steps: from diagnosis to treatment, to ongoing patient follow-
up. The treatment planning involves imaging studies, dose distribution calculation for the volume 
of interest and evaluation of the treatment plan by  analysis of the dose distributions and dose–
volume histograms in the cancerous and heathy tissue [28]. Quality assurance (QA) is performed 
after the planning step to reduce uncertainties and errors in dosimetry, the treatment planning itself 
and equipment performance, as shown below. 
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Figure 2-1. Quality assurance workflow in radiotherapy which identify and reduce uncertainties 
and errors in treatment planning. 
Dosimetry systems are based on the measurement of radiation-induced and dose-dependent 
physical or chemical changes in the detector material. Based on their working principle, dosimetry 
methods can be classified as either primary standard methods (e.g.: ion chambers and 
calorimeters) or  secondary methods, which are referenced to the primary standards [27].  
Ion chamber: in an ion chamber, the incident radiation causes formation of ion pairs within a gas. 
Electrodes measure the accumulated charge which is proportional to the number of ion pairs 
created, and therefore the radiation dose. 
Calorimetry dosimetry: assuming that the absorbed radiation energy eventually converts to heat, 
the measurement of absorbed dose is simply the measurement of the temperature change in a 
thermally insulated radiation detector, or conversely heat flow at a constant temperature. Graphite 
and water are commonly used for calorimetric dosimetry [29].  
Thermoluminescent dosimeters (TLD) are a type of relative dosimeter that requires calibration 
against an absolute dosimeter. In TLDs, the absorbed dose from ionizing radiation is stored within 
the crystal lattice of an appropriate material, such as lithium fluoride (LiF), which when heated 
will release the stored energy as visible light. The intensity of the emitted light depends upon the 
radiation exposure.  
Radiotherapy 
prescription 
Treatment 
planning 
Quality  
assurance 
pass Patient  
treatment 
fail 
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Ferrous (Fricke) dosimeter: The Fricke dosimeter consists of acidified ferrous (Fe2+) solution. 
When irradiated, Fe2+ is oxidized to Fe3+ proportionally to the absorbed dose. That change can be 
determined by spectrophotometry [30]. 
The four dosimeters described above integrate the dose-response over the whole volume of the 
dosimeter. Therefore, they are considered point or one-dimensional (1D) dosimeters. Two 
dimensional  (2D) and three-dimensional (3D) dosimetry can be obtained by organizing point 
dosimeters in arrays but from a practical point of view this approach suffers from poor special 
resolution and non-isotropic dosimetry [28]. Instead, chemical dosimeters can be used to measure 
2D and 3D distributions of the dose in either films or (semi-)solid objects made of either a 
hydrogel, a plastic or an elastic materials [31]. Modern radiation treatment techniques require high 
precision, accuracy and special resolution from their quality assurance protocols. A variety of 3D 
dosimeters have been developed to meet those stringent requirements: polymer and radiochromic 
gel dosimeters, radiochromic resin dosimeters and radiochromic silicone dosimeters [32]. Of 
particular interest to our group is the development of 3D hydrogel dosimeters based on the 
chemistry of tetrazolium salts [33]. In short, a hydrogel is prepared from the polysaccharide gellan 
gum to which a water-soluble tetrazolium salt is added. Upon irradiation, the tetrazolium salt 
reduces to an intensely-coloured formazan dye that precipitates within the gel structure and 
captures a relatively 3D image of the dose-response, which can be registered via optical computed 
tomography and used for the quality assurance of radiation treatments [34-36]  
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2.2. Formazans and Tetrazolium Salts 
2.2.1 Description 
Tetrazolium salts (Scheme 2-1) are organic compounds, which can be considered as quaternized 
tetrazoles, that is, a tetrazole molecule which contains a quaternary imine group (=N(+)–). Most 
known tetrazolium salts are derived from 2H-tetrazole, but other forms are also possible (Scheme 
2-1) [16]. In this thesis, only the 2H-tetrazolium salts are the focus. The five-membered ring in 
2H-tetrazolium salts contains one carbon and four nitrogen atoms and is positively charged. 
Therefore, the compounds have salt-like properties. Formally, the charge is located on of the 
nitrogen atoms but in practice the structure is aromatic and the charge is delocalized [37]. 
 
Scheme 2-1: 2H- and 1H- tetrazolium salts 
Tetrazolium salts are typically colorless or faintly yellow compounds that can be reduced to deeply 
coloured compounds known as formazans. Tetrazolium salts, in general, are stable in the solid 
state and form crystals. Tetrazolium chlorides are generally water soluble and give solutions of 
neutral pH, while the solubility of the bromides and iodides is lower[16]. In this thesis, the effects 
of the counterions will not be explicitly studied assuming that there is no ligand effect between 
cation and anion. Thus, the tetrazolium ions will be modelled in isolation; however, the term “salts” 
will be used, to allow proper indexing. 
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In the solids state, formazans show intense colors, ranging from red to a deep purplish-black, and 
contain the alternating single and double bonds within the main chain of atoms: –N=N–C=N–NH– 
[23]. The molecules of all currently known formazans manifest extremely high conformational 
and tautomeric mobilities, the types of their constitutional isomerism being dependent on the 
nature of the substituents, primarily, those at the N(1) and N(5) atoms. Thus N,Nʹ-diarylformazans 
(Scheme 2-2) are characterized by prototropic tautomerism [38]. 
 
Scheme 2-2. Prototropic tautomerism in formazans 
2.2.2 Nomenclature and of tetrazolium salts and formazans 
The numbering system for tetrazolium salts (I) and formazans (II) follow different orders due to 
the general rule that heteroatoms (such as N) and a charge in a ring should have the lowest possible 
number; while the formazan numbering starts from the amine group by convention (Scheme 2.3).  
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N+
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R1
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1
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N 3
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1
NH
5
S
N
NO2
III IV  
Scheme 2-3 Numbering convention for tetrazolium salts and formazans 
As an example, if R1, R2 and R3 are 4-nitrophenyl, 2-benzothyzolyl and phenyl, as in structures III 
and IV, the molecules are named 2-(2-benzothiazolyl)-3-(4-nitrophenyl)-5-phenyltetrazolium and 
1-(2-benzothiazolyl)-5-(4-nitrophenyl)-3-phenylformazan, respectively. A list of abbreviated 
chemical names used in this thesis are presented in Section 3.3 (Materials Section).  
2.2.3 Structures of formazans  
X-Ray diffraction studies have shown three common configurational combinations, characteristic 
of formazans [38]. As shown in Scheme 2-4, the formazan configurations are labelled according 
to the following nomenclature: the trans-cis (T-C) isomers are described with respect to the 
N(1) = N(2) and C(3) = N(4) bonds, where as the syn-anti (S-A) conformers are described with respect 
to the N(2) – C(3) and  N(4) – C(5)  bonds [39]. The substituent at C(3) has the largest contribution in 
determining the configuration of the formazan. Thus, TSCA isomers (structure V) are characteristic 
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of formazans with a bulky substituent R3 and formazans devoid of substituents at the C(3) atom 
exist in crystals exclusively in the form of TATA isomers (structure VII) [38]. 
N
N N
N
H
R3
R5R1
N N
N
H
R3
R5
N
R1
N N
R3
N
R1
N
R5
H
V (TSSC) VI (TSST)
(1)
(2)
(4)
(5)
(3)
VII (TAST)
 
Scheme 2-4. Common formazan isomers in their solid state 
Hydrogen bonds also contribute to the stability of these configurations by forming intramolecular 
bonding in structures (V) and (VI) and intermolecular H-bonding between molecules of structure 
(VII) [22]. Ab initio quantum-chemical calculations have showed that the TSCA confirmation 
(structure V) is the most stable in the gas phase [39]. 
The knowledge of spatial structures of arylformazans in solutions had long been confined to 
recognition of the ability of these compounds to exist in two main forms which can conventionally 
be designated as ‘red’ or ‘chelate’ (structure V) and ‘yellow’ or open (structure VI or VII, based 
on the material) [16]. It is the transitions from one form to another that underlie the well-
established red - yellow photochromism of 1,3,5-triarylformazans.  
2.2.4 Tautomerism of formazans 
It is believed that the tautomerism of triarylformazans containing identical substituents at the N(1) 
and N(5) atoms R1=R5 (structure V, scheme 2-4) is an intramolecular process occurring between 
two degenerate forms. In 1,3,5-triphenylformazan with the TSSC configuration (structure V), the 
V (TSCA)    VI (TACA)    VII (TATA) 
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proton forms covalent bonds alternately with the N(1) and N(5) atoms in the course of intra-chelate 
proton transfer with the lifetime of the tautomers of about 18 min [38].  
The position of the hydrogen atom in the azohydrazone chain is important for formazans with 
different substituents of R1 and R5. The introduction of either a strong electron-withdrawing (e.g., 
acylphenyl, nitrophenyl or dinitrophenyl) or an electron-donating (e.g., acoloxyphenyl) group may 
lead to only one tautomer. A comparison of 13C chemical shift in R1NH and R5NH tautomers of 
1,3-diphenyl-5-(4-nitrophenyl) formazan suggests that this compound exists almost exclusively in 
the form of a PhN(1) tautomer irrespective of the solvent polarity [38]. 
N N
N
H
N
NO2
N N
N
H
N
NO2
A name could not be generated for this 
structure.  
Scheme 2-5. The PhN(1) tautomer 1,3-diphenyl-5-(4-nitrophenyl)formazan dominates over 
3,5-diphenyl-1-(4-nitrophenyl)formazan in solution 
2.3. Spectroscopic Properties of Formazans and Tetrazolium Salts 
2.3.1 IR spectroscopy 
Characteristic for formazans are the C=N, N–H and N=N absorption bands. Open structures show 
higher frequencies for these bands, due to the loss of resonance stabilization of the six membered 
chelate ring. For example, the C=N the stretching band is at 1500-1510 cm-1 for formazan chelates 
and at 1551-1561 cm-1 for open-structure  formazans [40, 41]. Similarly, the N=N stretching band 
11 
 
 
of 1,3,5-triphenyl formazan is located at 1357 cm-1 for the chelate and at 1418 cm-1 for the open 
structure[38]. 
2.3.2 Nuclear magnetic resonance 
The 1H-NMR chemical shift (δ 1H) for the H-N bond in typically shows between 10 and 16 ppm. 
The more downfield the peak is (higher δ 1H value), the higher the intermolecular hydrogen 
bonding appears to be [42]. Thus, open-structure formazans will tend to have higher chemical shift 
for the N–H signal than chelates. [42]. The 13C-NMR chemical shift of C(3) (in Scheme 2-4) atom 
in TATA and TACA isomers is observed at lower field (δ 13C=155.0 - 162.9) ppm than in TSCA 
isomers (δ 13C=150.3 - 156.0) ppm [38]. 
2.3.3 Ultraviolet–visible spectroscopy 
The simpler tetrazolium salts in solution are generally colourless compounds which are nearly 
colourless in the visible spectrum. They show broad absorbance maxima in the UV range between 
240-300 nm by their chemical structure with conjugated double bonds [16, 37]. Formazans and 
their metal complexes are colored compounds due to π → π* transitions of electrons in the 
formazan skeleton (–N=N–C=N–NH–) [43]. Tezcan et al. [22-25] synthesized formazan 
derivatives with electron - donating (CH3, Br, and Cl) and withdrawing group (NO2, COOH) 
attached to 1,3,5-phenylformazan to examine the effects o absorption maxima. 
Triaryl formazans show four distinct absorption bands (named as A, B, C and D), one in the visible 
and the others in the UV range [42]. Band A (216-239 nm) is assigned to that of the phenyl moiety. 
Band B (240-285 nm) corresponds to the low energy π → π* transition of the phenyl moiety. Band 
C (300- 350 nm) presents as a sharp peak due to the π → π* transition within the hydrogen chelate 
ring formed by the azo (–N=N–) and hydrazone (–HN–N=) groups and the tautomerization 
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occurring within this ring. Band D is very broad and is usually observed between 410-500 nm but 
may be red shifted to 600 nm, based on the structure. Band D is characteristic of the formazan 
structure and occurs due to the π - π * transitions within the N = N group, influenced by charge 
transfer within the whole molecule. It is very intensive, with the extinction coefficients of (13 – 
23)×103 for monoformazans [37]. 
2.4. Computational Chemistry Overview 
Computational Chemistry or Molecular Modelling is a general term covering any use of computing 
in the direct study of chemical problems. As such, it includes the entire range of computational 
techniques that are in applied chemistry, whether their roots lie in physics (quantum mechanics 
and/or statistical mechanics), mathematics, and/or other underlying scientific disciplines. 
Computational chemistry techniques can predict molecular properties for comparison with 
experiment, to elucidate ambiguous or otherwise unclear experimental data, and to model short-
lived, unstable intermediates and transition states which are impossible to observe directly [44].  
2.4.1 Potential energy surface 
The potential energy surface (PES) provides the relationship between the energy of a molecule 
and its geometry. The concept of PES relies on the Born-Oppenheimer approximation, according 
to which  the nuclei within a molecule are essentially stationary compared to the electrons. h. Thus, 
the shape of the molecule and the electronic energy can be calculated separately from the nuclear 
repulsion [45]. PES has 3N-6 coordinate dimensions (degrees of freedom) for non-linear 
molecules, and 3N-5 for linear molecules, where N is the number of atoms [46]. Figure 2-2a shows 
the potential energy of dihydrogen (H2) as a function of internuclear distance [47], while figure 2-
2b shows PES for water (H2O) where the energy minimum corresponds to O-H bond length of 
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0.958Å and H-O-H bond angle of 104.5°[48]. PESs for polyatomic molecules involve multiple 
easily visualized, and typically only a single co-ordinate (e.g., a bond length) and the 
corresponding energy curves are shown. 
 
 
Figure 2-2. Potential energy surface (PES) of 2D and 3D systems. a) The potential energy of the 
hydrogen molecule [47]. b) Potential Energy Surface of the water molecule [48] 
 
2.4.2. Theoretical background of molecular modelling  
Electronic structure theory is based on laws of quantum mechanics applied to atoms and 
molecules. The electron configurations of individual atoms are described as wavefunctions. 
These wave functions are mathematical abstractions that describe the electrons of a given atom. 
The wave function Ψ(𝑟) is given by the time-independent, non-relativistic Schrödinger equation 
(2-1).  
𝐇Ψ(𝑟) = 𝐸Ψ(𝑟)   (2-1) 
Where 𝑯 is Hamiltonian operator and E is the total energy of the system.  
The Hamiltonian operator for the time-independent, non-relativistic Schrödinger equation is: 
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𝐇 = −
ℏ
2𝑚
∇ −
ℏ
2𝑚
∇ −
𝑒 𝑍
𝑟
+
𝑒
𝑟
+
𝑒 𝑍 𝑍
𝑟
 
  
(2-2) 
Where r represents the distance between the respective particles, 𝑚  and 𝑚  are the masses of the 
electrons and nuclei respectively, and ℏ is the reduced Plank constant (6.582… ×10-16 eV·s/rad). 
The first two terms in the Hamiltonian represent the kinetic energy of the electrons and nuclei, 
respectively. The remaining terms involve the potential energy due to the attraction of the electrons 
for the nuclei, the electron-electron repulsion, and the nuclear-nuclear repulsion (terms three, four 
and five, respectively).  
2.4.3 Born-Oppenheimer approximation 
Since the nuclei are heavier and move more slowly than the electrons, we can freeze the nuclear 
positions and solve for the energy and wave function of a molecular system that involves only the 
coordinates of the electrons, i.e. the second term in equation (2.2) can be ignored. The final term 
in the Hamiltonian operator, nuclear-nuclear repulsion energy ENRE, is trivial to evaluate since we 
only need to know the charges on the nuclei and their distances from one another. Accordingly, it 
can be evaluated separately. Applying the Born-Oppenheimer approximation and using atomic 
units (𝑚  = ℏ = e = 1), Equation (2-2) can be simplified to: 
𝐇𝐁𝐎Ψ(𝑟 ) =
−∇
2
+
−𝑍
𝑟
+
1
𝑟
Ψ(𝑟 ) = 𝐸 Ψ(𝑟 ) 
  
(2-3a 
𝐸 =
𝑒 𝑍 𝑍
𝑟
 
  
(2-3b) 
Etotal = EBO + ENRE (2-3c) 
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Where, Etotal is the energy due to the movement of the electrons within the molecule and 
electrostatic energies of all of the component particles, including the fixed nuclei. Real molecules 
possess additional energy: vibrational energy and thermal energy due to translations, rotations and 
vibrations at higher temperatures [44].  
The Schrödinger equation has exact analytical solutions only for one-electron systems. In order to 
solve equation (2-3), we first consider how to represent certain wave function. Based on the 
success of applying the theory to the hydrogen atom, the wave function can be built from functions 
centered on each nucleus, which resemble the eigenfunctions of the hydrogen atom Hamiltonian. 
The set of functions, including how many of each type and their orbital exponents, are parameters 
in the Hartree-Fock calculations [49]. The construct is referred as basis set.  
2.5. Model Chemistries  
A model chemistry can be defined as the combination of a theoretical method and a basis set. 
Model chemistries are used to find approximate solutions of the Schrödinger equation [44]. 
2.5.1 Theoretical method 
A theoretical method or level is a set of specific approximations, which combined with a 
calculation algorithm, and are used to model a chemical system. The methods can be separated 
into four categories: molecular mechanics, ab initio, semiempirical, and density functional theory.  
i) Molecular mechanics (MM) dose not use wave functions, but algebraic equations to 
calculate the energy by taking the approximation that the atoms behave like balls held 
together by springs (bonds). from the model relies on experimental data or other 
calculations, stored in a data library. Examples: UFF, MMFF94. 
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ii) Ab Initio (meaning “from first principles”) calculations are based on numerical solutions 
of the Schrödinger equation Examples: Hartree-Fock(HF), MP2, CCSD. 
iii) Semi-empirical calculations are also based on the Schrödinger equation, which means that 
the result is a wave function. However, the program uses a library of integrals that is 
compiled by finding the best fit to experimental or high-level theoretical results Examples: 
AM1, PM3, ZINDO. 
iv) Density functional theory (DFT) is based on the Schrödinger equation. However, it does 
not provide a wave function, but instead calculates the electron density ρ(r) directly. 
Examples: B3LYP, CAM-B3LYP, PBE0, APFD, M06. 
A central paradigm in quantum chemistry is the Structure-Properties-Wave function triangle, 
Figure 2-3 [50]. Here the wave-function has 3N-m parameters (N = number of atoms, m = 5 in 
linear molecules or 6 otherwise). However, Kohn and Hohenberg [51] proved that the 
information stored in the electron density function ρ(r), which only has three variables, 
determines all ground state properties. 
 
Figure 2-3 Relation of wave function (ab initio)  and electron density (DFT) with structure and 
properties of a molecular system adopted from [50]. 
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2.5.2 Model selection 
Note that all methods have limitations as to the type of problems and/or range of elements to which 
they are applicable. For example, even the very accurate CCSD method is less accurate for 
transition metal compounds than for ordinary organic molecules [44]. The selection of a theoretical 
model depends on the size of the system and on the level of approximations as shown in Figure 2-
4.  
 
Figure 2-4. Theoretical model selection flowchart, based on ref [52] 
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At present, the DFT models gives better trade-off between accuracy and computational cost for 
the largest range of molecular systems and chemical problems. In general, it provides good 
accuracy while being feasible for use on typical computer workstations.  
2.5.3 Density functional theory (DFT) 
To best illustrate the meaning of the electron density function in DFT, it is useful to understand 
the wave function, as calculated using the Hartree-Fock (HF) theory, which approximates a 
solution to the Schrödinger equation [44].  
Hartree-Fock theory: The Hartree-Fock approach [49, 53] can be considered as an attempt to 
solve Schrödinger  equation for a multiple-electron system by reducing the problem to a set of 
one-electron problems. Each electron exists in the field of the nuclei and experiences the influence 
of all the other electrons only in an averaged way, neglecting how an electron of opposite spin 
might specifically influence its motion. This is a severe approximation but one that historically 
allowed chemists to get started modeling of molecular systems [44]. Today, the Hartree-Fock 
theory still has its place as the basis for more accurate calculations that correct for its deficiencies.  
The basic premise behind DFT is that the energy and associated properties of any system 
containing electrons are calculable from the probability distribution that is the total electron 
density, 𝜌(𝑟). Using an orbital basis set, this quantity can be obtained as:  
𝜌(𝑟) =  𝛷 (𝑟) 
 
 (2-4) 
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Here the position vector, 𝑟, represent all space coordinates for the system as defined by a grid g.  
A molecular orbital, 𝛷 , is defined as the linear combination of the applicable functions in the basis 
set:  
𝛷 =  𝑐 𝜒   
(2-5a) 
where  𝜒 = ∑ 𝑑 , 𝑐𝑥 𝑦 𝑧 𝑒   
(2-5b) 
Where: 𝑐  molecular orbital coefficients, 𝑑 ,  fixed coefficient for the Gaussian primitive atomic 
orbitals, the orbital exponent 𝜁 controls the tightness or diffuseness of each primitive function, the 
exponents on x, y and z dictate its shape (s, p, d, and so on). The coefficient c serves to normalize 
the function such that the integral over all space of its square is 1.  
More accurate calculations for the energies can be obtained if some part of the Hartree-Fock (HF) 
exchange is included with the functional, as shown in equation 2.6. [54] The DFT exchange-
correlation is separated into distinct exchange and correlation parts with local (directly dependence 
on the density) and non-local (dependence of the energy derivatives) portions of each.  
𝐸[𝜌(𝑟)] =  𝑐 𝐸 + 𝑐 𝐸 + 𝑐 𝐸 + 𝑐 𝐸 + 𝑐 𝐸  (2.6) 
Where  ci (i = 1 to 5) are weighting parameters.  
One of the most commonly used versions is B3LYP, which stands for Becke, 3-parameter, Lee-
Yang-Parr, where 𝑐  values are 0.20, 0.80, 0.72, 1.00 and 0.81 respectively[54]. The PBE1PBE 
hybrid functional [55] is a “one parameter” hybrid since 𝑐 = 𝑐 = 1.0 − 𝑐 .  
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Basis Set: is a set of wave functions used to describe the shape of atomic orbitals (AOs) [46]. Ab 
initio and DFT methods require a selection of a basis set specification. However, other theoretical 
methods, such as PMn (n=3,...,6), use an internal basis set. The choice of basis sets affects the level 
of approximation of the calculations directly, and typically represents a trade-off between accuracy 
and computational time. Two common wave functions are used within basis sets: GTO ( Gaussian-
type orbital) are shaped as a Gaussian distribution in three dimensions, STO (Slater-type orbital) 
show exponential decay at long range and a cusp at the nucleus. 
Minimum basis sets use a single function for each AO. They are used for quick calculations and 
provide only qualitative results with larger molecules. For example, STO-nG  means that n GTOs 
are used to describe one STO, and only one STO is used to describe an AO (single Zeta in Equation 
2-5). Typically n ≥ 3 is used, and STO-nG is called a minimal basis set.  
Split Valence or Pople basis sets allow for size-adjustable specification of the number of GTOs 
used by defining core and valence electrons separately. These are double Zeta or triple Zeta types. 
The notation is split valence sets is: K-LMG, where G = indicates that GTOs are used, K is the 
number of sp-type inner-shell GTOs, L = number of inner valence s- and p-type GTOs and M = 
number of outer valence s- and p-type GTOs,.  
Polarized basis sets are Pople basis sets that have been modified to obtain for better approximation 
of the working system, for example, by letting the AOs shape get deformed (distorted) under the 
influence of its surroundings.  
Split valence basis sets allow orbitals to change size, but not to change shape. Polarized basis sets 
remove this limitation by adding orbitals with angular momentum beyond what is required for the 
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ground state to the description of each atom. For example, polarized basis sets add d functions to 
carbon atoms. Current basis sets often add multiple polarization function to each atom.  
Diffuse: Pople basis sets can also be modified by letting the electron move far away from the 
nucleus, creating diffuse orbitals. This modification is useful when working with anions and 
excited states. Diffuse functions can be added as + or ++ in front of the G designation, as shown 
in Figure 2-5. 
 
Figure 2-5 Split-valence, polarization and diffusion functions [44] 
Diffuse functions allow orbitals to occupy a larger region of space, which is useful when the 
electrons are relatively far from the nucleus, such as with anions and molecules with significant 
negative change.  
As an example: 6-311+G(2d,p) is a designation for 6 primitives/core orbitals basis function with 
three basis functions per valence orbital, consisting of 3, 1 and 1 primitive(s), respectively. It has 
2 additional polarization functions on heavy atoms (non-hydrogen atoms) and 1 additional 
polarization function on hydrogen atoms, plus diffuse functions on heavy atoms.  
As the basis set becomes more flexible, the computational results approach the exact solution of 
the time-independent, non-relativistic Schrödinger equation, as shown in Table 2.1. 
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Table 2-1. Comparison of some methods for accuracy adapted from Foresman and Frisch [56] 
  HF DFT MP2 MP3 MP4 QCISD(T) …. Full CI 
B 
A 
S 
I 
S 
 
S 
E 
T 
 
 
Minimal STO-3G  Electron correlation  →   
Split Valence 3-21G         
Polarized  
6-31G(d) 
        
6-311G(d,p)         
Diffuse 
6-311+G(d,p) 
        
High angular 
Momentum 
6-311+G(2d,p) 
        
6-311++G(3df,3dp)         
……         
 HF  
Limit 
      Schrödinger Equation 
 
 Several computational chemistry software packages are such as ADF, Crystal, Games, Gaussian, 
Jaguar, MOLPRO, and Q-Chem are available to solve the time-independent, non-relativistic Born-
Oppenheimer-Schrödinger equation (Equation 2.3)  [57].  
Gaussian software is a general purpose computational chemistry software package initially 
released as Gaussian 70 by John Pople [58] Gaussian has been continuously updated and the latest 
version is currently available. SHARCNET/Compute Canada which can be accessed through 
Western University account [59]. The Shared Hierarchical Academic Research Computing 
Network (SHARCNET) is a consortium of 18 universities, colleges and research institutes 
providing a range of high-performance computers and software, linked by an advanced fibre optics 
network [60].   
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2.6. Calculations by Gaussian 16 
Gaussian’s predictive capabilities begin with the computation of the electronic energy of a 
molecular system, given the coordinates of the nuclei within in and the number of electrons. That 
is to say, the energy of the electrons existing in the static field of the nuclei can be added to the 
electronic energy to predict the total energy, enthalpy and free energy for the molecule under 
specific conditions. Some molecular properties are simply derivatives of the electronic energy with 
respect to a perturbation. For example, the dipole moment is the derivative of the energy with 
respect to an applied electric field. Geometry optimizations locate a stationary point on the 
potential energy surface using the first derivative of the energy with respect to nuclear positions 
(forces on the atoms). IR and Raman frequencies and intensities are properties which are computed 
from the second derivatives of the electronic energy.  
2.6.1 Geometric optimization and stability test 
Geometry optimization is a procedure that attempts to find the configuration of minimum energy 
of the molecule. The wave function or electron density and the energy of the of the starting 
molecular geometry is calculated and then the procedure searches for a new geometry with lower 
energy. This is repeated until the lowest energy geometry is found. The procedure calculates the 
energy gradient (first derivative) at each atom with respect to its positions. Then, the geometry is 
adjusted aiming to rapidly convergence to the geometry of the lowest energy. The procedure stops 
when it finds a point where the forces on the atoms are zero. The geometry may either be a local 
minimum or a saddle point and its stability needs to be evaluated. For this reason, a frequency 
analysis is performed to test for  imaginary frequencies which indicate instability of molecular 
geometry. 
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2.6.2 Spectrum Prediction 
The following are the main type of spectra that can be predicted with Gaussian 16 [44] : 
1. IR: Molecules are exposed to infrared light, inducing molecular vibrations. Photons are absorbed at 
specific frequencies based on molecular structure, producing a characteristic spectrum. 
2. Raman: Light in the visible and near-visible range induces molecular vibrations via inelastic 
scattering of photons. The spectrum results from the photons' energies being shifted up or down in 
characteristic ways.  
3. NMR: Molecules are exposed to radio range radiation in the presence of an external magnetic field, 
causing nuclear spin flips. Absorption of these photons produces a characteristic spectrum. 
4. VCD (Vibrational Circular Dichroism): IR spectroscopy carried out with circularly polarized light in 
the infrared range. The difference in photon absorption between left- and right-polarized light 
produces the VCD spectrum, allowing enantiomers to be distinguished in chiral molecules.  
5. ROA (Raman Optical Activity): ROA is Raman spectroscopy carried out with circularly polarized 
light. As with VCD, different enantiomers of chiral molecules yield different spectra.  
6. OP (Optical Rotation) and ORD (Optical rotary dispersion) 
7. Hyperfine (microwave): Molecules interact with microwave-range radiation. Photon absorption 
induces rotational transitions and produces characteristic transition data. This data is analyzed via 
standard quantities known as hyperfine coupling constants.  
8. UV/Visible: Molecules undergo electronic transition when photons in the ultraviolet and/or visible 
range are absorbed.  
9. ECD (Electronic circular dichroism): UV/visible spectroscopy performed with polarized light.  
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2.6.3. Population analysis 
Population analysis is a mathematical approach for differentiating a wave function or electron 
density into nuclear charges and bond orders. . Although atomic charges cannot be observed 
experimentally, this approach is very effective for predicting active sites for chemical reactions as 
well as other molecular interaction [57]. 
2.7. Thesis Objective 
The objective of this research is to perform a comparative study of different formazans and 
tetrazolium salts modelled in silico using several density function theory approaches, in order to 
estimate the geometric configuration, isomer stability, spectral characteristics for a number of 
selected materials. Emphasis has been placed on 2-benzothiazolyl containing structures and side 
groups containing electron-withdrawing moieties, as those are expected to impart higher reactivity 
of the tetrazolium salts. 
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Chapter 3. Methodology 
3.1. Density Functional Theory (DFT) Computation 
Density Functional Theory (DFT) was selected because at present it represents the best trade-off 
between accuracy and computational cost for large range of molecular systems and chemical 
problems [44, 45]. DFT computations were performed using Gaussian 16 (Gaussian, Inc.) suite 
[61] with the default ultrafine grid using the SHARCNET computing cluster 
(https://www.sharcnet.ca). The calculations employ a grid of points in space to perform numerical 
integration. In Ultrafine grids, there are 99 radial shells each containing up to 590 points [62]. 
Structural figures were created using ChemBioOffice Ultra 2012 (CambridgeSoft/PerkinElmer, 
Inc.) and inputs to Gaussian were created by using Avogadro 1.2.0 (an open-source molecular 
builder and visualization tool) [63]. 
The ground state geometric optimization and prediction of spectra (UV-Visible, IR and NMR) 
were performed at eight different functional approximations incorporating different amount of 
Hartree-Fock (HF) [64] exchange for the tested compounds. These include standard hybrid 
functionals: X3LYP (with 21.8% fraction HF exchange) [65], B3LYP (20% HF exchange, one of 
the most-used functionals [44]) [65], and PBE1PBE (15% HF exchange, also known PBE0) [62], 
the Minnesota family of exchange-correlation functionals: M06 (27% of HF exchange) [66], 
M06HF (100% of HF exchange) [67] and M11 (range-separated hybrid functional with 42.8% HF 
exchange in the short-range and 100% in the long-range) [68], long-range correlated functional: 
CAM-B3LYP (with 15% HF) [69], and functionals including dispersion APFD (with 23% HF) 
[70]. It should be noted that for electron excitations to high orbitals and other long-distance 
electronic effects, the non-Coulomb part of the exchange functionals dies off too rapidly and is 
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typically not used in long-range correlation functionals [62].  Dispersion refers to week 
interactions arising from the charge distribution around a molecular system which fluctuates due 
to the movement of electrons [44]. Dispersion is useful to determine the effect of the solvent on 
the absorption spectrum (solvatochromism) [71]. Split-valence triple zeta basis sets of 6-
311++G(d,p) and 6-311+G(2d,p) were used with the above DFT methods.   
Foresman and Frisch [44] have shown that the APFD/6-311+G(2d,p) theoretical method and basis 
set gave the best trade-off between accuracy and computational cost for a large set of molecular 
system and chemical problems. In this work, unless specifically stated, this chemical model was 
used for all the calculations performed.  
Harmonic vibrational frequency analysis were performed on the optimized geometry to generate 
IR spectrum and characterizing stationary points [62]. The chemical shifts (δ) for 1H and 13C 
NMR were calculated with gauge-independent atomic orbital (GIAO) at the same level of theory. 
TD-DFT were used to calculate the vertical transition wavelength with its oscillatory frequency 
30 and 50 excited singlet states for tetrazolium and formazan molecules, respectively. Polar 
(DMSO, methanol and ethanol) and non-polar solvents (toluene and chloroform) effects has been 
evaluated using the self-consistency reaction field (SCRF) [62]. The solvent is treated as a 
continuous medium surrounding the solute [44].  
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3.2. Calculations in Gaussian 16 
Given the tested compounds (Section 3.3), at a given level of molecular theory, and with a select basis set, 
the following calculations were perfumed in Gaussian 16: molecular structure optimization, potential 
energy surface scan, frequency calculations, predictions of IR, NMR spectra, frontier molecular orbital 
analysis and UV-Vis absorbance spectrum calculations, and a population analysis.  
3.2.1 Molecular structure optimization 
Gaussian geometry optimization starts from the input structure and steps along the potential energy 
surface. The energy and its gradient are computed at each atom, and the data is used to determine 
the direction of most steepest energy drop in order to determine the next optimization step.  
Geometry optimizations attempt to locate minima on the potential energy surface (PES), thus 
predicting equilibrium structure (Figure 3.1). 
 
Figure 3-1. Potential energy surface (PES) for two degrees of freedom 
For optimal results, Gaussian geometric optimization uses four convergence criteria: maximum 
value calculated force and displacement, and root mean square (RMS) values of force and 
displacement, as shown in Figure 3-2.  
29 
 
 
 
Figure 3-2. A snapshot of sample output in Gaussian 16 
When all four values in the “Converged?” column are “YES”, then the optimization is completed 
and has converged, presumably to a local minimum. Once an optimization has completed 
successfully, however, it must be tested if the predicted structure is, in fact, a minimum and not a 
transition structure (a saddle point in PES). This can be accomplished by running a frequency 
calculation at the optimized geometry.  
3.2.2 Potential energy surface scans 
Rigid scan: it takes a geometric structure and freezes all the coordinates in place except for the 
particular coordinate being scanned. A single point energy calculation is performed for each 
generated structure.  
Relaxed scan: it does partial optimization at each point of the scan, freezing the scan coordinate 
and optimizing all others. Each optimization locates the minimum energy with the scanned 
parameters set to specific values.  
3.2.3 Frequency Calculations 
Energy and geometric optimizations calculations ignore molecular vibrations, assuming a static 
view of nuclear position. However, in reality the nuclei are at constant motion in regular, 
predictable and discrete (i.e. quantized) vibrational energy states. Transition between vibrational 
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energy states occur by the absorption of infrared (IR) radiation between 100-5000 cm-1 (0.3-15 
kcal/mol). 
Frequency calculations consider the nuclear vibration molecular system in their equilibrium states. 
They predict a variety of molecular properties, including the following: 
• Vibrational spectra for the molecule: IR and optionally Raman spectrum and VCD. 
• The zero point energy  
• The thermal energy, enthalpy, entropy and Gibbs free energy 
• The constant volume heat capacity 
3.2.4 NMR (Nuclear magnetic resonance) calculations  
In NMR experiments, a substance is placed in a magnetic field and then exposed to radiation in 
the radio wave range of the electromagnetic spectrum (~60-1000 MHz). This radiation is absorbed 
and re-emitted at specific resonance frequencies-corresponding to changes in nuclear spin state - 
that depends on the strength of the applied magnetic field and magnetic fields of the component 
atoms (isotopes). The actual magnetic field experienced by the nucleus is the result of the 
interaction of the external field and the local electron density near the nucleus; the difference 
between the strength of the applied field and the field experienced by the nucleus is known as the 
shielding, and it is very small (typically measured in parts per million). In Gaussian 16, the 
chemical shits are calculated in terms of overall shielding,  which is the difference in location for 
a given resonance frequency with respect to a reference compound such as TMS for 1H and 13C 
NMR. Shielding and the resultant chemical shifts for a given nucleus type vary according to many 
structural features within the molecule, enabling NMR spectroscopy to provide detailed 
information about bonding, substituents and the like.  
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3.2.5 Frontier molecular orbital analysis and computation of UV-Visible absorption 
The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) are collectively known as the frontier molecular orbitals. Other orbitals are often 
referenced to the frontier orbitals: those occupied are HOMO-n, and those unoccupied as 
LUMO+m, where n and m are integers. The energy gap HOMO and LUMO is a critical parameter 
in determining the properties of the molecule, such that a large HOMO-LUMO indicates high 
molecular stability and vice versa. Further both molecules are often involved with electronic 
transitions involving absorbance of visible light. Here, selection rules govern which transitions are 
allowed and which are forbidden: the electron spin may not change but the orbital symmetry must. 
The specific symmetry changes will not be discussed here, as they involve discussion of group 
theory which is outside the purview of this work. 
Absorbance in the UV-visible part of the spectrum is due to electronic transition usually through 
excitation from one of the occupied orbitals to an unoccupied orbital with appropriate symmetry. 
Special techniques are required to model systems in their excited states. Gaussian 16 provides a 
range of methods for doing so, two of which were selected. 
• TD-DFT: A time-dependent formulation of density functional theory for modelling 
excited states. Due to its good accuracy and reasonable computational cost, it is the 
standard method for predicting excitation energies in medium to large molecules [44].  
• ZINDO: A semi-empirical method useful for basic calculations on very large systems. 
No basis set keyword is needed for this method as the basis set is part of the method. 
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3.2.6 Population analysis 
There are a number of techniques to perform population analysis. Orbital based techniques, such 
as Mulliken [72] and Natural Bond-Order analysis (NBO), take a negligible amount of CPU time 
relative to the time required to obtain the wave function. Techniques based on the charge 
distribution, such as atoms in molecules (AIM) and Electrostatic charge (ESP), require a 
significant amount of CPU time. The following methods were used in calculating the population 
analysis: Merz-Singh-Kollman (MK) [73], and the ChelpG method which are variants of the ESP 
approach [57]. 
3.3 Materials 
The formazans and tetrazolium salts selected for testing in this thesis are based on the needs of 
another project that focuses on tetrazolium-based radiation dosimetry in gellan gum gels [33, 34]. 
It was thought that introducing a strong chromogenic aromatic substituent, such as 
2-benzothiazolyl in position 2 or 3 of the tetrazolium salt will improve the dose-response of these 
systems. More information can be found in Appendix A [56]. In this work, the relevant substitutes 
are abbreviated as shown in Table 3-1, where phenyl = P, 4-nitrophenyl = N, 2-benzothiazolyl = 
Bt, 6-methoxy-2-benzothiazolyl = Mb, 2-naphthyl = Np, 3-(trifluoromethyl) phenyl = F, 4-
bromophenyl = Br, 2-pyridinyl = Py. The numbering convention of tetrazolium salts (Scheme 2-
2) was used for both tetrazolium salts and their respective formazans. For example, 
2-(2-benzothiazolyl)-3-(4-nitrophenyl)-5-phenyltetrazolium is abbreviated as ‘BtNP’, and the 
respective formazan structure, 1-(2-benzothiazolyl)-5-(4-nitrophenyl)-3-phenylformazan, adds the 
letter -F suffix to become ‘BtNPF’. All tested materials are presented in Table 3-2. Example code 
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for performing molecular modelling on these two molecules in Gaussian 16 is given in Appendix 
B. [61] 
Table 3-1. List of abbreviation for the substitutes in the tested tetrazolium salts and formazans 
Abr. Group Structure Abr. Group Structure 
P Phenyl 
 
Br 4-bromophenyl 
 
N 4-nitrophenyl 
 
Py 2- pyridinyl 
 
Bt 2-benzothiazolyl 
 
 
F 
3-(trifluoromethyl)- 
phenyl 
 
Mb 6-methoxy-2- 
Benzothiazolyl  
Np β-naphthalene 
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Table 3-2. List of selected tetrazolium molecules with their abbreviation. 
  
Name X Y Z Name X Z M 
PPP H H H BtPP H H H 
NPP NO2 H H BtNP 4-NO2 H H 
NNP NO2 NO2 H BtPN H NO2 H 
NPN NO2 H NO2 BtBrP 4-Br H H 
    BtBrN 4-Br NO2 H 
    BtFP 3-CF3 H H 
    BtNpP β-Np* H H 
    MbPP H H OCH3 
    MFPP 3-CF3 H OCH3 
*: the phenyl group in position 3 is replaced by 2-naphthalyl 
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Chapter 4. Results and Discussion 
 
4.1. Boltzmann Averaging 
The results presented in this chapter often compare the energies of different tautomers or 
conformational isomers. As each structure will have distinct properties, and more than tautomer 
and/or conformation isomer can exist in a system at a given set of conditions, it is useful to 
introduce the concept of Boltzmann averaging. Hence, any extensive (i.e., mass-independent) 
property of the system (X) are a sum of the weighted contributions of the various conformations, 
according to their abundances. Assuming the Maxwell–Boltzmann distribution of the molecular 
energies: 
𝑋 = 𝑞 𝑋
 
 
 
 (4-1a) 
 
𝑞 = 𝑒( ∆ ⁄ ) (4-1b) 
 
Where: R is the universal gas constant, T is the absolute temperature, Xi is the property X for the 
ith conformer and 𝑞  is the molar ratio of conformer i with respect to the lowest energy conformer 
(most abundant structure), ∆𝐸   is the energy difference. At 25 oC, RT is equal to 0.952 kcal/mol, 
and the relative abundance is shown in Figure 4-1. 
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Figure 4-1. Relative abundance of a given conformer to the most stable structure at 25 oC 
As shown in Figure 4.1, if the relative energy of an isomer with respect to the lowest energy isomer 
is greater than 2.7 kcal/mol, the molar ratio is less than 1%. The molar fraction fi for each 
conformer is:  
𝑓 =
𝑞
∑ 𝑞
 (4-2) 
Boltzmann Average has important practical implications as it allows us to predict the properties of 
a mixture of components, as would be present in gel dosimetry application.  
4.2. Conformational Searching 
4.2.1 Minimizing the energy of open-structure and chelate formazans 
The reduction of tetrazolium molecules produces two class of formazan isomers as shown below 
for 1,3,5-triphenyl formazan (PPPF). The chelated structure 2 has red color while the trans-anti 
geometry 3 has yellow color [74]. 
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Geometric optimization was performed on both the chelate and open formazan structure shown 
above with APFD/6-311+G(2d,p) method and basis function respectively. In order for an energy 
comparison of two or more molecules to be valid, the molecules must have the same number and 
types of atoms and the calculation must be performed using the same model chemistry [44]. 
Gaussian geometric optimization begins at the molecular structure specified as input, and step 
along the potential energy surface. The energy and the gradient are computed at each point. The 
gradient indicates the direction along the surface in which the energy decreases most rapidly from 
the current point, as well as the steepness of that slope, this data is used to determine the direction 
and size of the next step [44, 62]. It should be noted that the energy differences arising from electronic 
characteristics are usually in the millihartree range [44]. Due to this, through out this thesis, all energy 
calculations are used with four significant figures after the decimal point.  
Geometric optimization finds minimum values on potential energy surface. If the geometry is 
stable, it represents one of the isomeric structures. However, this does not indicate if the minimum 
value is global. As shown in Table 4-1, the chelate structure has lower energies in all the selected 
media (gas, methanol and chloroform) indicating the more stable isomer.  
Table 4-1. Calculated total energy and Gibbs Energy of 1,3,5-triphenylformazan isomers in gas, 
methanol and chloroform medium. 
Medium/Solvent Total Energy 
[hartree] 
Gibbs free Energy 
[hartree] 
ΔE 
[kcal/mol] 
ΔG 
[kcal/mol] 
 F Fu F Fu F-Fu F-Fu 
Gas -952.0679 -952.0549 -951.8076 -951.7955 -8.2 -7.6 
Methanol -952.0768 -952.0668 -951.8171 -951.8076 -6.3 -6.0 
Chloroform -952.0740 -952.0630 -951.8143 -951.8043 -6.9 -6.3 
1.0 hartree = 627.51 kcal/mol  
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The Gibbs free energy is one of the thermodynamic quantities computed by a frequency 
calculation. This quantity is defined by the following equation: 
𝐺 =  𝐻 − 𝑇𝑆 
Where H is the enthalpy, T is the temperature and S is the entropy.  
Both H and S have components arising from the molecule’s electronic, translational, rotational 
and vibrational motion: 
𝐻 =  𝐸 +  (𝐸  +  𝐸  +  𝐸 +  𝐸 )  +  𝑘𝑇 
𝑆 =  𝑆 +  𝑆  +  𝑆  + 𝑆 +  𝑆  
𝐸   is the uncorrected total energy reported prior to the thermochemistry data within the 
Gaussian output, and k is Boltzmann’s constant. The sum 𝐸  +  𝐸  +  𝐸 +  𝐸   is the 
thermal correction to the total energy.  
Thus, the reported value for G includes contributions from all of the molecule’s vibrational, 
translational and rotational modes, in both the energy and entropy components. Each component 
is reported separately within the Gaussian output. Here is part of the thermochemistry section of 
the output for a frequency calculation of 1,3,5-triphenylformazan (F) isomers in gas medium.  
Correction to E, H and G arising from the molecule’s electronic, translational, rotational and 
vibrational motion: 
Zero-point correction: 0.310455 (Hartree/Particle) 
Thermal correction to energy:  0.328932 
Thermal correction to enthalpy:  0.329876 
Thermal correction to Gibbs free energy: 0.260326 
Preceding corrections added to the total energy (appears earlier in the output), H and G: 
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Sum of electronic and zero-point energies:           -951.757483 
 Sum of electronic and thermal energies:              -951.739006 
 Sum of electronic and thermal enthalpies:            -951.738062 
 Sum of electronic and thermal free:   -951.807612 
 
Breakdown of the individual components to the thermal energy, heat capacity and entropy: 
 E (Thermal) CV S 
 [kcal/mol] [cal/mol-Kelvin] [cal/mol-Kelvin] 
Total   206.408 72.911 146.380 
Electronic 0.000 0.000 0.000 
Translational    0.889 2.981 42.994 
Rotational   0.889 2.981 35.448 
Vibrational 204.631 66.949 67.938 
 
Each vibrational component is then further decomposed into contributions from the individual 
vibrational modes.  
Harmonic vibrational frequency calculations treat the translational and rotational modes in ways 
that are only appropriate for an ideal gas at STP. The approximation is crude for these modes for 
molecules in solution compared to the gas phase due to the fact that molecular motion is much 
more constrained in solution.  
4.2.2 Potential energy surface scan 
Geometric optimization algorithms allow us to find points of interest on the Potential Energy 
Surface (PES), i.e. minima and maxima corresponding to equilibrium and transition structures, 
using energy derivatives. However, it is also possible to simply sample the PES in a region that 
corresponds to the process in which we are interested using the scan function in Gaussian 16. 
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The following structure, 2-(2-benzothiazolyl)-3-(4-nitrophenyl)-5-phenylformazan (= BtNP), has 
been selected to show the effect of the benzothiazole dihedral angles on total energy using rigid 
scan. A rigid scan takes a geometric structure and freezes all the coordinates in place except for 
the particular coordinate being scanned.  A single point energy calculation is performed for each 
dihedral angle from 0o to 180o, in 10o increments. There is no geometric optimization during rigid 
scan. 
 
Scheme 4-1. Example for 180o degree dihedral rotation of the N=N–C–S angle in 
2-(2-benzothiazolyl)-3-(4-nitrophenyl)-5-phenylformazan (BtNP). All the planes are coplanar. 
 
The total energies after geometric optimization gave -1646.8198 hartree and -1646.8227 hartree 
for F1 and F3, respectively. The energy difference, ∆Etotal = EF1-EF3, between the structures is 5.5 
kcal/mol, indicating F3 as the more stable structure. 
The total energy difference between F1 and F3 using the rigid scan approach is ΔErigid-scan = 2.7 
kcal/mol, Figure 4-1. Thus, the structure is most unstable when the benzothiazole plane is 
perpendicular to the formazan plane.  
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Figure 4-2. Effect of the benzothiazole dihedral angles on total energy using rigid scan. 
4.3. Tautomerism of Formazans 
To examine the effect of 4-nitrophenyl (N) substitution asymmetrically in the formazan 
structures, two materials were modelled: NPPF and NPNF (Scheme 4-2 and Table 4-2). 
 
Scheme 4-2. Tautomers of asymmetrically substituted formazans containing 4-nitrophenyl 
groups. 
In Table 4-2, the energies for all tautomers are given in the gas phase (g) and in methanol solution 
(m). Based on the difference in energies, the F1 tautomers are more stable in all cases. 
Interestingly, the fraction of the F1 tautomers increases in solution: from 80% to 85% for NPNF, 
and from 85% to 92% for NPPF. For the cases of NPPF, similar results have been reported 
previously, showing 95% abundance in solution [38]. The last two columns of Table 4-2 show that 
solvation stabilizes both tautomers, but the effect is more pronounced for the F1 cases.  
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Table 4-2. Comparison of energies between the structures in Schematic 4-2 in the gas phase (g) 
and in methanol solution (m) 
 
  E [hartree]   ΔE [kcal/mol]  
 F1(g) F2(g) F1(m) F2(m) 
F1(g)-
F2(g) 
F1(m)-
F2(m) 
F1(g)-
F1(m) 
F2(g)-
F2(m) 
NPPF -1156.4903 -1156.4877 -1156.5041 -1156.5003 -1.6     -2.4     8.7      7.9 
NPNF -1360.9112 -1360.9091 -1360.9296 -1360.9269 -1.3   -1.7   11.6    11.2 
 
A more interesting problem arises when a bulky, electron-withdrawing substituent is positioned 
bound to N(1) or N(5)  in place of the phenyl ring, as is the case with 1(or 5)-(2-
benzothiazolyl)formazans, such as BtNPF, shown in Scheme 4-3. Here, the molar fractions of each 
component were calculated based on their Gibbs energies (Table 4-3), which take into account the 
entropic factor (at 298K) associated with each structure. Interestingly, one of the open structures 
labelled F2o has a higher molar fraction than the chelate forms with an N=N–C–S dihedral angle 
of 0o. However, in solution only structures F2 and F3 are expected to have fractions >1%. 
  
Scheme 4-3. Structures and molar fractions of the main contributing isomers of BtNPF in the gas phase.  
43 
 
 
Table 4-3. Gibbs energies of the main BtNPF isomers 
Isomer F1 F2 F3 F4 F2o F3o 
Gi 
[hartree] 
-1646.8114 -1646.8198 -1646.8226 -1646.8138 -1646.8159 -1646.8032 
ΔG = Gi – G3 
[kcal/mol] 
7.1 1.8 0 5.5 4.2 12.2 
 
 
The remaining (2-benzothiazolyl)-substituted formazan (Table 3-2 in Chapter 3) were modelled 
using the total energy of the molecules and the three closed-structure isomers with lowest energy 
(highest contribution): F2, F3 and F4, following the same configurations as in Scheme 4-3. The 
data is presented in Table 4.5.  
Table 4-4. Comparison of tautomeric and stereoisomers using to total energy of chelated 
formazans containing 2-benzothiazolyl substituent. 
 
 
Total Energy 
[hartree] 
Energy difference 
ΔE [kcal/mol] 
# Molecule F2 F3 F4 F2-F3 F4-Fmin 
1 BtNpP -1595.9579 -1595.9587 -1595.9498 0.5 5.6 
2 BtBrP -4015.7467 -4015.7468 -4015.7378 0.0 5.6 
3 BtBrN -4220.1679 -4220.1684 -4220.1599 0.3 10.5 
4 BtPP -1442.4049 -1442.4019 -1442.3930 -1.9 5.6 
5 BtFP -1779.3267 -1779.3274 -1779.3184 0.4 5.6 
6 MbFP -1893.7960 -1893.7993 -1893.7900 2.0 5.8 
7 MbPP -1556.8707 -1556.8727 -1556.8634 1.3 5.9 
8 BtNP -1646.8198 -1646.8227 -1646.8139 1.8 5.3 
9 BtPN -1646.8231 -1646.8240 -1646.8155 0.5 3.5 
10 BtPPy -1458.4327 -1458.4306 -1458.4247 -1.3 3.7 
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In nearly all cases, the F3 form is more stable than the F2 form, but both are major contributors to 
the properties of the material, based on the energy difference values and the Boltzmann averaging 
principle (Equation 4-1). However, for simplicity, most of the following calculations are shown 
only for the most stable conformer, unless otherwise stated. 
4.4. Geometric Structures of Formazans and Tetrazolium Salts 
The optimized structure parameters (bond lengths, bond angles and dihedral angles) of all 
tetrazolium and formazan molecules are calculated at APFD/6-311+G(2d,p). For BtNP, optimized 
structure parameters in methanol are shown in Table 4-6 as Z-matrix format. The elements 
numbers are shown in Figure 4-3. The bond length R [Å], bond angle A [o] and dihedral angle D 
[o] are given using internal coordinate system. As shown on Figure 4-3, the tetrazolium salt has 
non-planar configuration, whereas the corresponding formazan in the chelate form has almost 
planar structure. The benzothiazolyl (Bt) ring, nitrophenyl (N) ring and phenyl (P) ring have 25o, 
65o and 0o dihedral angles respectively for BtNP tetrazolium in methanol solvent and it is reduced 
form BtNPF2 has 1o, 3o and 16o dihedral angles respectively. Turkoglu, et al. [21] have shown that 
experimental crystal structure of a relatively similar chelate formazan, 1-(5-chloro-2-
phenoxyphenyl)-3-(4-methoxyphenyl)-5-phenylformazan, has almost planar structure.   
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a) Tetrazolium (BtNP) b) Chelate Formazan (BtNPF2) 
 
Figure 4-3. Optimized geometry of BtNP tetrazolium and formazan molecules in methanol. Atom colours: 
grey = C, blue = N, red = O, yellow = S, white = H. 
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Table 4-5. Optimized geometry of BtNP tetrazolium and formazan molecules in methanol. 
Numbering as in figure above; R: bond length [Å], A: bond angle [o], D: dihedral angle [o]. 
BtNP - tetrazolium salt BtNPF2 – formazan in chelate form 
#  # R # A # D  
1 N        
2 N 1 1.297      
3 N 2 1.334 1 110    
4 N 3 1.295 2 110 1 1  
5 C 1 1.341 2 104 3 359  
6 C 5 1.450 1 125 2 180  
7 C 6 1.396 5 120 1 360  
8 C 7 1.385 6 120 5 180  
9 C 8 1.391 7 120 6 360  
10 C 9 1.391 8 120 7 0  
11 C 10 1.386 9 120 8 0  
12 C 3 1.433 2 127 1 183  
13 C 12 1.383 3 118 2 244 (64)  
14 C 13 1.384 12 118 3 180  
15 C 14 1.385 13 119 12 360  
16 C 15 1.386 14 123 13 1  
17 C 16 1.382 15 119 14 359  
18 S 2 2.723 1 93 3 193  
19 C 2 1.410 1 124 3 179  
20 N 19 1.282 2 121 1 206 (26)  
21 C 20 1.372 19 109 2 181  
22 C 21 1.412 20 115 19 360  
23 C 21 1.398 20 125 19 180  
24 C 23 1.379 21 118 20 180  
25 C 24 1.404 23 121 21 360  
26 C 25 1.383 24 122 23 0  
27 N 15 1.469 14 118 13 180  
28 O 27 1.218 15 118 14 181  
29 O 27 1.218 15 118 14 1  
30 H 7 1.084 6 120 5 0  
31 H 8 1.084 7 120 6 180  
32 H 9 1.085 8 120 7 180  
33 H 10 1.084 9 120 8 180  
34 H 11 1.084 10 120 9 180  
35 H 13 1.083 12 121 3 1  
36 H 14 1.082 13 121 12 180  
37 H 16 1.082 15 120 14 179  
38 H 17 1.083 16 121 15 180  
39 H 23 1.084 21 120 20 360  
40 H 24 1.084 23 120 21 180  
41 H 25 1.084 24 119 23 180  
42 H 26 1.083 25 121 24 180  
 
#  # R # A # D 
1 N       
2 C 1 1.308     
3 N 2 1.384 1 128   
4 N 3 1.263 2 117 1 359 
5 H 4 1.809 3 108 2 360 
6 N 5 1.029 4 127 3 1 
7 C 6 1.366 5 122 4 179 
8 C 2 1.476 1 117 3 180 
9 C 4 1.403 3 115 2 180 
10 C 9 1.401 4 124 3 3 
11 C 10 1.379 9 120 4 180 
12 C 11 1.392 10 119 9 360 
13 C 12 1.387 11 122 10 360 
14 C 13 1.382 12 118 11 0 
15 C 8 1.397 2 121 1 196 (16) 
16 C 15 1.389 8 120 2 179 
17 C 16 1.389 15 120 8 0 
18 C 17 1.392 16 119 15 0 
19 C 18 1.386 17 120 16 360 
20 N 7 1.293 6 122 5 1 
21 C 20 1.377 7 110 6 180 
22 C 21 1.410 20 115 7 360 
23 S 22 1.747 21 110 20 0 
24 C 21 1.396 20 125 7 180 
25 C 24 1.384 21 119 20 180 
26 C 25 1.399 24 121 21 0 
27 C 26 1.387 25 121 24 360 
28 N 12 1.458 11 119 10 180 
29 O 28 1.222 12 118 11 180 
30 O 28 1.222 12 118 11 0 
31 H 10 1.082 9 120 4 0 
32 H 11 1.082 10 121 9 180 
33 H 13 1.082 12 120 11 180 
34 H 14 1.084 13 121 12 180 
35 H 15 1.083 8 120 2 360 
36 H 16 1.085 15 120 8 180 
37 H 17 1.085 16 120 15 180 
38 H 18 1.085 17 120 16 180 
39 H 19 1.084 18 120 17 180 
40 H 24 1.085 21 120 20 0 
41 H 25 1.085 24 120 21 180 
42 H 26 1.085 25 120 24 180 
43 H 27 1.084 26 121 25 180 
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Table 4-7 summarizes the calculated dihedral angles (Di) of substituted rings (Bt, N, P and Mb) 
with respect to the central ring and bond lengths of the intramolecular hydrogen bond length (RH) 
in methanol solvent. The subscript on the Di follows the abbreviated naming order (Table 3-2). 
For example, the dihedral angles for BtNP tetrazolium: D1, D2 and D3 are for Bt, N and P rings 
respectively. D3 values of the tetrazolium salts are co-planar with central ring while their counter 
formazan has slightly out of plane (5.9o-16.7o). PPP, NPP and NNP tetrazolium salts have similar D1 and 
D2 values. For benzothiazolyl based tetrazolium salts, D1 < D2. The calculated hydrogen bond length of 
chelate formazan ranges 1.784 Å - 1.814 Å with the shortest for PPPF and longest for BtPPF. Here, only 
the most stable formazan isomer is presented. 
Table 4-6. Dihedral angles of substituted rings (Bt, N, P and Mb) with respect to the central ring 
and bond lengths of the intramolecular hydrogen bond length (RH) in methanol solvent. 
 Tetrazolium Formazan 
Molecule D1[o] D2 [o] D3 [o] D1 [o] D2 [o] D3 [o] RH [Å] 
PPP 54.8 54.8 0.5 0.6 2.6 13.5 1.784 
NPP 53.2 53.7 0.5 0.0 0.8 15.9 1.800 
NNP 55.9 55.9 1.2 0.7 4.4 16.7 1.795 
BtPP 37.1 56.1 0.8 0.3 1.1 14.6 1.814 
BtNP 25.0 65.3 0.3 0.1 0.2 15.4 1.805 
BtPN 36.1 55.4 1.9 0.1 2.4 5.9 1.800 
MbPP 25.0 63.8 0.8 0.0 0.1 14.8 1.793 
 
4.5. IR Spectra Calculations 
IR and NMR spectra calculations are important as it helps to identify product and confirm structure in 
materials synthesized in the lab. Harmonic vibrational frequencies of the studied compounds are 
calculated by APFD/6-311+G(2d,p) and B3LYP/6-311G++(d,p) [44]. The vibrational frequencies 
are scaled by 0.989 and 0.967 for APFD and B3LYP respectively. Conventionally, raw frequency 
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values are multiplied by a standard scale factor prior to comparison with experiment. This practice 
arose from the fact that the values computed at the Hartree-Fock level contain known systematic 
error due to the neglect of electron correlation, resulting in overestimates of about 10% - 12%. Use 
of this factor has been demonstrated to produce very good agreement with experimental for a wide 
range of systems.  
The tetrazolium and formazan forms of BtNP have 42 and 43 atoms with 120 and 123 normal 
modes of vibration, respectively, based on the (3N-6) rule, where N is the number of atoms in the 
molecule. The experimental and theoretical FT-IR are shown in Figures 4-4 and 4-5, respectively.  
 
 
Figure 4-4. Experimental data on FTIR spectrum of BtNP tetrazolium chloride  
 
The C-H stretching modes of aromatic groups are between 3080–3030 cm-1[75]. Similarly, BtNP 
tetrazolium chloride shows multiple weak bands between 3135-3025 cm-1. For BtNP tetrazolium 
and formazan molecules, the calculated values are 3199-3156 cm−1 and 3200-3137 cm−1, 
respectively (Figure 4-5). 
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Figure 4-5.Calculated IR transmittance spectra for BtNP tetrazolium and three formazan 
structures, using APFD/6-311+G(2d,p) 
 
High absorbance C=N tension vibration bands are calculated between 1590 cm-1 and 1563 cm-1, 
pointing out the existence of chelate form. As shown in Figure 4-5, the chelate structures (F2 and 
F3) have lower transmittance in this range. The stretching frequencies of the N-H for open 
formazan isomers are 3462 cm-1 – 3459 cm-1. Due to intramolecular hydrogen bond in chelate 
formazans (F2 and F3) the N-H stretching vibration is at 3230 cm-1. The highest absorbance is due 
to C-NO2 stretching at 1381 cm-1.  
4.6. Calculation of 1H and 13C NMR Spectra 
There are commercial software suites that can provide predictions to 1H and C-13 NMR spectra of 
organic molecules, including NMR Predict (Mestrelab Research, S.L., Spain) and ChemDraw 
(NMR Analysis using ChemDraw (Cambridgesoft/ PerkinElmer) among others. These typically 
use additive parameters that estimate the substituent effects to the base values, associated with a 
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given hydrocarbon [76]. This approach works well with common groups such as nitro and amino 
structures but may not work as well with formazans and tetrazolium salts. The ChemDraw 
estimation for BtNPF2 and BtNPF3 are shown in Figure 4.6. Estimation quality is indicated by 
colour: blue, pink and red for good, medium and rough estimation respectively. All estimations 
are good except for the acidic proton (δH = 7.0 ppm) the carbon on position 3, (δC = 155 ppm). 
Experimental chemical shifts for these atoms are 15.44 ppm and 144 ppm, respectively [77]. 
 
 
1H NMR 13C NMR 
 
Figure 4-6. Predicted 1H and 13C NMR spectra of BtNPF2 in chloroform using ChemDraw 16.  
 
In Gaussian, the predicted chemical shift for an atom is computed as the weighted sum of the sifts 
for the various conformations contributing to the structure, using the Boltzmann averaging 
principle and the value for the calculated magnetic shielding tensor of tetramethylsilane (𝑣 ) in 
the selected model chemistry: 
𝑓 𝛿 = 𝑓 (𝑣 − 𝑣 )  (4-3) 
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Where 𝑓  is the molar fraction conformer i. The predicted magnetic shielding values of 1H and 13C 
for TMS using APFD/6-311+G(2d,p) model chemistry in chloroform solvent are 31.79 ppm and 
187.81 ppm respectively.  
As shown in Section 4.2, the conformational searching for BtNPF shows only three conformers 
with contribution over 1%: F2, F3 and F2o. Where F2 and F3 are tautomers of chelated BtNPF, 
while F2o is an open structure, as shown in Scheme 4-3. Based on the calculated values of these 
Gibbs free energy, the molar fraction of F3 and F2 are 85.6% and 13.0% and 1.1%, respectively. 
The less abundant conformers were not used in further calculations. Note that the experimental 
fractions of the F2 and F3 structures have been determined as 45% and 55%, respectively [38]. 
However, modelling at DFT level of model chemistry is largely agnostic of experimental data for 
the distribution on individual conformers and only the resulting macroscopic data can be compared 
directly with the experiment. 
4.6.1 Assignment of 1H NRM shifts 
There are four sets symmetric and two sets of nearly symmetric protons on BtNPF. Theoretically, 
symmetric protons should have the same chemical shift. Thus, reported experimental values from 
literature (Table 4.8) and ChemiBio Draw calculated values (Figure 4.6) of these symmetric 
positions have equal values. However, the Gaussian calculation for F3c has the most significant 
difference between δH31 and δH34 with 8.75 and 7.55 ppm respectively. These protons have also 
shown significant chemical shift difference on their counter tetrazolium salt, Tz, with a value of 
8.56 and 7.97 ppm.  
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F2 tautomer F3 tautomer 
 
Figure 4-7.Tautomeric structures of BtNP formazan with numbered atoms for NRM assignment. 
 
Solvent effect on proton chemical shift were tested with predictive methods. Methanol and 
chloroform (chl) were used for the Gaussian software showing no significant differences (data not 
shown).  For ChemDraw chloroform and dimethyl sulfoxide (DMSO) were used since they are the 
only solvent options. The effect was only observed on the phenyl group and acidic protons (data 
not shown here). DMSO gave higher chemical shift, 0.33 and 0.1 ppm, for ortho and meta protons 
respectively. Note: ChemDraw estimation quality for acidic protons are very rough because they 
are significantly affected by solvents, concentration, and steric effects [76].  
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Table 4-7. Chemical shifts of 1HNMR of BtNP formazan in chloroform (chl) and correlation 
coefficient (R2) between modelled and literature data. 
Proton 
number 
Literature 
data [38] 
ChemDraw 16 Gaussian, APFD/6-311+G(2d,p) 
F2(chl) F3(chl) F2o(chl) 
Boltzmann 
average F2(chl) F3(chl) F2o(chl) 
Boltzmann 
average 
5 15.42 7.80 9.10 7.00 7.96 17.02 16.36 9.23 16.85 
31 7.83 7.18 7.20 7.18 7.18 8.73 8.75 7.74 8.72 
32 8.33 8.10 8.13 8.10 8.10 9.00 8.96 8.11 8.98 
33 8.33 8.10 8.13 8.10 8.10 9.14 8.87 8.08 9.09 
34 7.83 7.18 7.20 7.18 7.18 8.76 7.55 8.07 8.59 
35 8.09 7.48 7.81 7.83 7.53 8.89 8.70 7.61 8.85 
36 7.50 7.40 7.50 7.52 7.41 7.96 7.95 8.07 7.96 
37 7.45 7.53 7.53 7.52 7.53 7.88 7.87 8.08 7.88 
38 7.50 7.40 7.50 7.52 7.41 7.97 7.96 8.11 7.97 
39 8.09 7.81 7.81 7.83 7.81 8.67 8.82 7.74 8.68 
40 8.04 8.18 8.18 8.18 8.18 8.21 8.59 8.04 8.26 
41 7.44 7.53 7.53 7.53 7.53 7.87 7.99 7.80 7.88 
42 7.53 7.51 7.51 7.53 7.51 7.73 7.95 7.69 7.76 
43 7.87 8.02 8.02 8.01 8.02 8.25 8.36 8.21 8.26 
R2, excl. H(5) 1.00 0.397 0.471 0.444 0.410 0.790 0.685 0.001 0.838 
 
The calculated acidic proton, H5, has the largest variation of chemical shift using Gaussian. In 
chloroform solvent, the chelated formazan has average δ = 16.69 ppm while their counter open 
structure (“yellow formazan”) has only 9.18 ppm. This big deviation can be explained by steric 
effect and hydrogen bond formation. As shown in Figure 4-7, the optimized geometry for a 
chelated formazan has practically coplanar structure. This exposed the acidic hydrogen to external 
magnetic field. The open structure (F2o) have none-coplanar structure and shielding effect. For 
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chelated formazan, in addition to having coplanar structure, H(5) forms hydrogen bond with 
nitrogen on azo fragment. This further exposes the proton to external magnetic field.  
The chemical shifts predicted by ChemDraw are generally lower than the observed values. 
Excluding the acid proton, linear correlation between experimental and calculated values for F2(chl) 
and F3(chl) (using ChemDraw) gives R2 = 0.40 and R2 = 0.47, respectively. Better correlation was 
found from Gaussian calculation with 0.79 and 0.69, respectively. Using Boltzmann averaging, 
the correlation coefficient increased it to 0.84. A further improvement of the theoretical prediction 
and experimental results could be achieved if the 45% to 55% F2/F3 experimental ratio [38] was 
used, resulting in R2 = 0.87. However, such approach cannot be used in the general case. In any 
case, the results illustrate the importance of considering more than a single conformation for 
accurate prediction of NMR and other molecular properties, as well as the power of the chosen 
approach to predict the properties of the target formazan structures. 
4.6.2 Assignment of 13C NRM shifts 
Generally, the aromatic carbons appear in the range of 120-150 ppm. Similar analysis to the 1H 
NRM was done for 13C chemical shift, Table 4-9. The correlation between experimental and 
predicted data in the 13C NRM was stronger, and the Gaussian modelling performed better than 
ChemDraw. With Gaussian averaging, R2 as high as 0.93 was achieved.  
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Table 4-8. Chemical shifts of 13CNMR of BtNP formazan in chloroform (chl) and correlation 
coefficient (R2) between modelled and literature data. 
Carbon 
atom #  
Literature 
data [38] 
ChemDraw 16 Gaussian, APFD/6-311+G(2d,p) 
F2(chl) F3(chl) F2o(chl) 
Boltzmann 
average 
F2(chl) F3(chl) F2o(chl) 
Boltzmann 
average 
2 144 155 155 155 155.0 146.7 147.3 163.6 147.0 
7 173 169.8 165.9 169.8 169.3 173.8 184.0 170.9 175.1 
8 135 134.7 134.7 134.7 134.7 141.7 141.7 132.4 141.6 
9 150 154.0 149.1 154.0 153.4 160.9 153.3 160.5 159.9 
10 118 126.7 113.2 126.7 124.9 117.3 118.1 138.9 117.6 
11 126 123.9 124.7 123.9 124.0 131.3 132.9 131.2 131.5 
12 146 147.9 137.9 147.9 146.6 153.4 148.4 152.7 152.7 
13 126 123.9 134.7 123.9 125.3 131.8 132.3 130.9 131.9 
14 118 126.7 113.2 126.7 124.9 138.1 122.3 118.2 135.8 
15 126 125.4 125.4 125.4 125.4 131.4 130.2 136.1 131.3 
16 129 128.8 128.8 128.8 128.8 133.5 134.1 134.7 133.6 
17 129 131.0 131.0 131.0 131.0 133.9 134.1 135.9 133.9 
18 129 128.8 128.8 128.8 128.8 134.0 133.9 134.7 134.0 
19 126 125.4 125.4 125.4 125.4 130.7 131.4 133.3 130.8 
21 153 150.1 148.7 150.1 149.9 156.9 158.5 156.5 157.1 
22 134 130.8 138.3 130.8 131.8 140.2 142.7 139.7 140.5 
24 122 118.3 121.6 118.3 118.7 127.1 130.8 126.3 127.6 
25 127 125.3 125.3 125.3 125.3 131.3 131.9 131.0 131.4 
26 127 124.5 124.5 124.5 124.5 129.0 133.5 128.0 129.6 
27 124 121.8 121.8 121.8 121.8 126.1 127.3 125.9 126.3 
R2 1.00 0.904 0.888 0.904 0.921 0.905 0.975 0.825 0.931 
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4.7. Population Analysis of BtNP Formazan and Tetrazolium Salt 
If the predicted spectra properties (IR and NMR) fit tot the experimental results, we can assume 
that other predicted properties, such as charge distribution (PES) and global reactivity functions 
will correlate with the estimated results as well.  
Population analysis is a mathematical approach for differentiating a wave function or electron 
density into nuclear charges and bond orders. Relevant to this study are the electrostatic potential 
maps (ESP) and atomic charge distributions of the studied materials. BtNP was selected as an 
example structure. The ESPs of BtNP and BtNPF3 calculated at APFD/6-311+G(2d,p) 
method/basis set are represented in Figure 4-8. In the figure, the tetrazolium ring shows a high 
electrostatic potential which may seem contra-intuitive, considering that it carries a net positive 
charge. However, the electrostatic potential shows the distribution of the electrons along the 
chemical bonds, not the charges associated with individual atoms or structures. We can thus see 
that the phenyl group in position C(5) of the tetrazolium has a high electron potential and appears 
unaffected by other substituents in the molecule. By contrast, the phenyl group in position N(3) 
donates electron density to both the tetrazolium cycle and the para-substituted NO2 group. The 
electrostatic potential around N(2) is lower, as the extended delocalization in the benzothiazolyl 
group may attract some electron density from the tetrazolium ring, likely via resonance 
mechanisms. The resonance effects in the formazan structure appear to be more extensive with all 
rings contributing to various extent to each other. 
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BtNP tetrazolium BtNPF3 Formazan 
 
Figure 4-8. Electrostatic potential map of BtNP molecules at 0.1 iso level. Red indicates the 
lowest electrostatic potential, blue – the highest.  
 
Partial charges BtNP tetrazolium and formazan molecules were produced to fit to the electrostatic 
potential at points selected according to the Merz-Singh-Kollman scheme [73], shown as a charge 
histogram in Figure 4-9. The histogram illustrates that the electrostatic potential is not charge, as 
three of the five highest positive charges in the tetrazolium salts are on the N(2), N(5) and C(5) of the 
tetrazolium ring which all have high electrostatic potential. The partial charges may indicate where 
a nucleophilic or an electrophilic attack may take place. 
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Figure 4-9. Histogram of Merz-Singh-Kollman atomic charges of BtNP molecules. Numbering 
is according to Figure 4-3. 
 
The partial charges can be used to predict where either a nucleophilic or an electrophilic attack 
may take place. For a more precise analysis, local reactivity descriptors may be used. That includes 
calculating the electronic functions of the radicals formed by either subtraction or addition of an 
electron known as Fukui functions, and is a future direction of research. The global reactivity 
parameters are presented in the next section. 
4.8. Frontier Molecular Orbitals (FMO) Analysis 
The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 
(LUMO) are collectively called frontier molecular orbitals (FMO). They are usually used to show 
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the chemical reactivity, active site(s), and kinetic stability of the molecule. The HOMO, HOMO-
1, etc. molecular orbitals have the ability to donate electrons to LUMO and LUMO + 1, etc. 
molecular orbitals. In order to evaluate the energetic behaviour of the seven tetrazolium salts and 
their respective chelate formazan molecules, frontier molecular orbital (FMO) calculations were 
carried out at APFD with 6-311+G(2d,p) basis set in gas phase, in chloroform (non-polar) and 
methanol (polar) solvents.  
4.8.1 Global reactivity descriptors  
By using HOMO and LUMO energies and dipole moment value (μ), a set of global reactivity 
parameters can be calculated [50]. These include the ionization potential (I), electron affinity (A) 
global electronegativity (χ), absolute hardness (η), global softness and the global electrophilicity 
index (ω), as defined by Equations 4-4 to 4-9: 
Ionization energy: I = −EHOMO (4-4) 
Electron affinity: A = −ELUMO (4-5) 
Global electronegativity: 𝜒 =
(𝐼 + 𝐴)
2
= −
(𝐸 + 𝐸 )
2
 (4-6) 
Absolute hardness: 𝜂 =
(𝐼 − 𝐴)
2
= −
(𝐸 − 𝐸 )
2
 (4-7) 
Global softness: 𝜎 =
1
𝜂
= −
2
(𝐸 − 𝐸 )
 (4-8) 
Global electrophilicity index:  𝜔 =
𝜇
2𝜂
= −
𝜇
(𝐸 − 𝐸 )
 (4-9) 
 
Differnces in the global electronegativity (χ) are a measure of the likelihood of two molecules 
reacting with each other: close electronegativities of the components in a system indicate a system 
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close to equilibrium and no further reactions are expected. The global hardness (η) and conversely 
softness (σ) measure the general molecular stability and reactivity, respectively. A hard molecule 
has a large HOMO-LUMO energy gap and low reactivity [78]. The abovementioned parameters 
are important with respect to oxidation-reduction reactions. By contrast, the global electrophilicity 
index is a measure of Lewis acidity, in order words how likely is the structure to form a complex 
a donor of an electron pair. All structures used in this study are labelled according to Chapter 3.3 
(Materials). The results from the calculations for tetrazolium salts and formazans follow in Tables 
4-10 and 4-11, respectively. 
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Table 4-9. Tetrazolium HOMO and LUMO energies, energy gaps, and global reactivity 
descriptors calculated using APFD/6-311 +G(2d,p) in gas (g), MeOH (m) and CHCl3 (chl). 
  
m
ed
iu
m
 
Total 
energy 
Dipole 
moment 
HOMO LUMO Frontal 
Energy 
gap, EG 
Ionization 
Potential, 
I 
Electron 
affinity, 
E 
Electro- 
negativity, 
χ 
Absolute 
hardness, 
η 
Global 
softness, 
σ 
Global 
electrophilicity 
index, ω 
  [hartree] [Debye] [eV] [eV] [eV] [eV] [eV] [eV] [eV] [1/ev] [D2/eV] 
  g -951.2498 3.61 -10.13 -6.22 3.91 10.13 6.22 8.18 1.95 0.51 3.34 
PPP m -951.3097 4.53 -7.59 -3.26 4.33 7.59 3.26 5.42 2.17 0.46 4.75 
  chl -951.2978 4.35 -8.04 -3.82 4.22 8.04 3.82 5.93 2.11 0.47 4.48 
  g -1155.6551 6.12 -10.34 -6.65 3.70 10.34 6.65 8.50 1.85 0.54 10.15 
NPP m -1155.7254 7.06 -7.67 -3.68 3.99 7.67 3.68 5.68 1.99 0.50 12.49 
  chl -1155.7105 6.85 -8.16 -4.23 3.93 8.16 4.23 6.20 1.96 0.51 11.94 
  g -1360.0593 8.71 -10.55 -7.00 3.54 10.55 7.00 8.78 1.77 0.57 21.42 
NNP m -1360.1406 10.50 -7.74 -3.86 3.88 7.74 3.86 5.80 1.94 0.52 28.41 
  chl -1360.1224 10.01 -8.26 -4.46 3.80 8.26 4.46 6.36 1.90 0.53 26.35 
  g -1441.5673 1.78 -10.03 -6.53 3.50 10.03 6.53 8.28 1.75 0.57 0.91 
BtPP m -1441.6258 2.10 -7.45 -3.71 3.74 7.45 3.71 5.58 1.87 0.53 1.18 
  chl -1441.6138 1.93 -7.92 -4.24 3.68 7.92 4.24 6.08 1.84 0.54 1.02 
  g -1645.9738 6.41 -10.23 -6.87 3.36 10.23 6.87 8.55 1.68 0.60 12.23 
BtNP m -1646.0419 8.01 -7.49 -3.92 3.57 7.49 3.92 5.71 1.78 0.56 18.00 
  chl -1646.0273 7.52 -8.00 -4.50 3.51 8.00 4.50 6.25 1.75 0.57 16.12 
  g -1645.9760 11.06 -10.25 -6.82 3.43 10.25 6.82 8.54 1.72 0.58 35.67 
BtPN m -1646.0447 12.63 -7.49 -3.83 3.65 7.49 3.83 5.66 1.83 0.55 43.68 
  chl -1646.0301 12.35 -8.00 -4.42 3.57 8.00 4.42 6.21 1.79 0.56 42.73 
  g -1556.0420 1.01 -9.33 -6.36 2.97 9.33 6.36 7.85 1.48 0.67 0.34 
MbPP m -1556.0994 1.41 -6.85 -3.67 3.17 6.85 3.67 5.26 1.59 0.63 0.62 
  chl -1556.0876 1.16 -7.29 -4.19 3.10 7.29 4.19 5.74 1.55 0.65 0.43 
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Table 4-10. Formazan HOMO and LUMO energies, energy gaps, and global reactivity 
descriptors calculated using APFD/6-311 +G(2d,p) in gas (g), MeOH (m) and CHCl3 (chl). Only 
the most abundant conformer is tested. 
 
m
ed
iu
m
 Total 
energy 
Dipole 
moment HOMO LUMO  
Frontal 
energy 
gap, EG 
Ionization 
potential, 
IE 
Electron 
affinity, 
EA 
Electro- 
negativity, 
χ 
Absolute 
hardness
, η 
Global 
softness, 
σ 
Global 
electrophilicity 
index, ω 
 [hartree] [Debye] [eV] [eV] [eV] [eV] [eV] [eV] [eV] [1/ev] [D2/eV] 
  g -952.0679 2.26 -5.67 -2.82 2.86 5.67 2.82 4.25 1.43 0.70 1.79 
PPPF m -952.0768 3.32 -5.78 -2.91 2.87 5.78 2.91 4.35 1.43 0.70 3.85 
  chl -952.0740 3.01 -5.74 -2.87 2.87 5.74 2.87 4.31 1.43 0.70 3.17 
  g -1156.4903 7.26 -6.17 -3.34 2.83 6.17 3.34 4.75 1.42 0.71 18.62 
NPPF m -1156.5041 9.82 -6.10 -3.29 2.81 6.10 3.29 4.69 1.41 0.71 34.25 
  chl -1156.5000 9.13 -6.11 -3.28 2.83 6.11 3.28 4.70 1.41 0.71 29.50 
  g -1360.9079 3.87 -6.51 -3.91 2.60 6.51 3.91 5.21 1.30 0.77 5.76 
NNPF m -1360.9260 4.83 -6.25 -3.70 2.55 6.25 3.70 4.97 1.28 0.78 9.13 
 chl -1360.9207 4.56 -6.31 -3.74 2.57 6.31 3.74 5.03 1.29 0.78 8.10 
  g -1442.4015 1.78 -5.89 -3.10 2.79 5.89 3.10 4.49 1.40 0.72 1.14 
BtPPF m -1442.4112 2.50 -6.03 -3.17 2.86 6.03 3.17 4.60 1.43 0.70 2.18 
  chl -1442.4083 2.32 -5.98 -3.14 2.85 5.98 3.14 4.56 1.42 0.70 1.90 
  g -1646.8227 6.75 -6.29 -3.72 2.57 6.29 3.72 5.01 1.29 0.78 17.73 
BtNPF m -1646.8368 8.77 -6.23 -3.67 2.55 6.23 3.67 4.95 1.28 0.78 30.15 
  chl -1646.8328 8.25 -6.23 -3.67 2.56 6.23 3.67 4.95 1.28 0.78 26.57 
  g -1646.8231 7.18 -6.27 -3.44 2.83 6.27 3.44 4.85 1.41 0.71 18.22 
BtPNF m -1646.8365 8.74 -6.21 -3.35 2.87 6.21 3.35 4.78 1.43 0.70 26.65 
 chl -1646.8328 8.40 -6.21 -3.35 2.86 6.21 3.35 4.78 1.43 0.70 24.66 
  g -1556.8727 1.56 -5.67 -3.13 2.54 5.67 3.13 4.40 1.27 0.79 0.96 
MbPPF m -1556.8844 1.78 -5.81 -3.30 2.51 5.81 3.30 4.56 1.25 0.80 1.26 
  chl -1556.8810 1.73 -5.76 -3.24 2.52 5.76 3.24 4.50 1.26 0.79 1.19 
 
Comparing the two tables shows that formazans appear softer and more reactive structures their 
respective tetrazolium salts.  However, such a conclusion is premature considering the reaction 
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mechanisms involving these molecules. Formazans may be involved in both oxidation and 
reduction reactions, while tetrazolium salts cannot be readily oxidized further [79], as also seen by 
their very high ionization potentials. Tetrazolium salts have a much higher electron affinity than 
formazans, which agrees with their properties as strong oxidants. The introduction of electron-
withdrawing groups, particularly in position N(2) of the tetrazolium salts (N(5) for formazans) 
increases the electron affinity and the ease of reduction of both types of structures. Conversely, 
the nitro-substituted tetrazolium salts may be more reactive, but they would also be more difficult 
to prepare from the formazans. In terms of acid-base properties, it was already shown that the 
formazans are moderately strong Brønsted acids, as indicated by the NMR signal of H(5) in the 
chelate structures, but some of these materials should also be good Lewis acids (electron pair 
acceptors) owing to their side groups. Further, formazans are known to be Lewis bases and form 
complexes with transition metal ions [80]. That functionality may be investigated using local 
reactivity factors in future studies. 
 
4.8.2 FMO Energy Gap and Maximum absorbance wavenumber 
From the point of view of radiochromic dosimetry (Chapter 2.1), the absorbance in the UV-visible 
part of the spectrum is a crucial characteristic for both tetrazolium salts and formazans. From 
Tables 4-11 and 4-12 it can be seen that the FMO energy gap is much higher for the tetrazolium 
molecules, which is related to their absorbance in the UV part of the spectrum. There is also more 
dispersion of the values for the EG of the studied tetrazolium salts, 2.97 to 3.91 eV in the gas 
phase, whereas the respective limits are 2.54 to 2.86 for the formazans, as shown in Figure 4-10.  
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Figure 4-10. Frontier orbital energy gap (EG) of tetrazolium and formazan molecules in different media. 
 
The EG is a measure for the least energy required for electronic transition of a valence electron 
into higher orbitals, and therefore optical absorbance. However, transition is allowed only if the 
certain selection rules are met, as discussed in Section 3.2.5. Allowed transitions have non-zero 
oscillator strength (f). As an example, the HOMO and LUMO orbitals for BrNP tetrazolium and 
select formazan conformers and they are presented in Figure 4-11. 
It can be seen that special overlap between the frontier orbital is least for the tetrazolium salt. 
Additionally, the two orbitals are in different phases over most of the overlapping atoms, meaning 
that electron transfer is forbidden over these areas. Thus, it is expected that the frontier orbitals are 
not the main contributing transition in the absorbance spectrum of the tetrazolium salt. 
Nevertheless, when the calculated wavenumbers of maximum absorbance (max) for the individual 
structures are plotted against the FMO energy gap (E.G.), a reasonably linear depended is achieved 
(R2 = 0.98), Figure 4-12. This means that the E.G. can be used as a rough estimation for the 
wavenumber (and wavelength) of maximum absorbance. Detailed calculations of the optical 
absorbance follow in the next section. 
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BtNP tetrazolium BtNPF2 BtNPF3 BtNPF3o 
 
 
 
 
LUMO (-6.869 eV) LUMO (-3.716 eV) LUMO (-3.720 eV) LUMO (-3.339 eV) 
 
 
  
 
HOMO (-10.225 eV) HOMO (-6.221 eV) HOMO (-6.290 eV) HOMO (-6.293 eV) 
 
Figure 4-11. HOMO and LUMO representations of BtNP tetrazolium and formazan chelate 
tautomers and stereo-isomers. The colours encode the phases of the density function. 
 
 
Figure 4-12. BtNP tetrazolium, formazan chelated tautomer and stereo-isomers correlation of 
wavenumber at maximum absorbance vs energy gap of frontal orbitals 
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4.9. Calculation of the Optical Spectra of Tetrazolium Salts and Formazans 
TD-DFT was used to calculate the vertical transition wavelength with its oscillatory frequency 50 
and 30 excited singlet states for tetrazolium and formazan molecules respectively. In the tables 
below, the three excited states (ES) with highest contribution (oscillator strengths, f) are given. 
The transition can be calculated by using a combination several wave functions. Polar (DMSO, 
methanol and ethanol) and non-polar solvents (toluene and chloroform) effects were evaluated 
using the self-consistency reaction field (SCRF) [62]. The solvent was treated as a continuous 
medium surrounding the solute [44]. 
4.9.1 Optical Spectra Computation of Tetrazolium Salts 
The calculation of UV-Visible spectrum of 7 tetrazolium molecules were performed in gas and 
methanol medium using B3LYP/6-311++G(d,p), Table 4-12.  
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Table 4-11 Calculated absorption wavelengths (λcal) and oscillator strengths (fcal) of 
tetrazoliumsalt in gas and methanol medium using B3LYP/6-311++G(d,p) 
 
 
The data from Table 4-12 is presented graphically in Figure 4-13. The first 3 molecules (PPP, NPP 
and NNP) are colourless with maximum absorbance at 260 nm. The benzothiazolyl based 
tetrazolium molecules (BtPP, BtNP and BtPN) have yellowish colour. The additional of electron 
donating group, methoxy (OCH3) at position 6 on benzothiazolyl further red-shifted the 
absorbance spectrum to give orange colour. 
 
Molecule 
Excited 
states 
Gas Methanol Electronic transitions (% contribution) in 
methanol λcal, 
nm 
fcal λcal, 
nm 
fcal 
 
PPP 
S1 
S6 
S8 
410 
299 
261 
0.0215 
0.2017 
0.5350 
365 
298 
259 
0.0738 
0.2556 
0.6306 
H → L (97.9%) 
H-5 → L (95.5 %) 
H → L+1 (93.2 %) 
 
NPP 
S1 
S11 
S12 
437 
289 
261 
0.0185 
0.2977 
0.3586 
393 
288 
284 
0.0592 
0.2262 
0.3509 
H → L (97.6%) 
H-5→ L (57.9%), H-3→ L+1 (24.0%) 
H-3→ L+1 (59.7%), H-5→ L (26.7%) 
 
NNP 
S1 
S9 
S15 
463 
287 
260 
0.0100 
0.2771 
0.5416 
407 
315 
284 
0.0403 
0.1917 
0.4458 
H → L (98.5%) 
H-4→ L (87.8%) 
H-5→ L (86.1%) 
 
BtPP 
S1 
S2 
S8 
471 
409 
270 
0.0259 
0.1734 
0.2671 
443 
424 
272 
0.0270 
0.2669 
0.2430 
H→ L (84.7%) 
H-1 → L (83.6%) 
H → L+1 (88.7%) 
 
BtNP 
S1 
S2 
S16 
477 
414 
271 
0.0795 
0.3108 
0.2391 
461 
434 
272 
0.0168 
0.2782 
0.3389 
H→ L (80.3%) 
H-1 → L (78.1%) 
H-5 → L+1 (32.9%), H → L+2 (30.0%) 
 
BtPN 
S1 
S2 
S15 
438 
269 
286 
0.0156 
0.3740 
0.4066 
458 
423 
286 
0.0156 
0.3741 
0.4066 
H→ L (95.8%) 
H-1 → L (88.1%) 
H-5→ L+1 (94.0%) 
 
MbPP 
S1 
S2 
S11 
504 
439 
255 
0.4362 
0.0178 
0.2521 
551 
423 
269 
0.0098 
0.2775 
0.3972 
H→ L (99.8%) 
H-1 → L (96.1%) 
H-1→ L+1 (95.0%) 
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Figure 4-13. Calculated optical absorbance spectra of tetrazolium salt in gas medium using 
B3LYP/6-311++G(d,p), Nstates = 50. 
 
4.9.2 Computation of Optical Spectra of Formazans 
Figure 4-14 gives the predicted spectra of seven select formazan molecules in the gas phase, 
calculated using APFD/6-311+G(2d,p). The results are shown for the most stable isomers at the 
respective conditions. 
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Figure 4-14. Calculated optical absorbance spectra of formazan molecules in the gas phase, 
using APFD/6-311+G(2d,p), Nstates = 30. 
 
The data presented in Table 4-13 show expanded calculations, including absorbance in the gas 
phase and in solution (methanol and chloroform). However, the experimental data comes from 
dosimetry experiments in a water-based gel (Appendix A). As formazans are insoluble in water, it 
can be expected that the experimental data will best fit with the gas phase results. Indeed, the 
deviation from the experiment is lowest with the gas phase calculations, and less than 20 nm for 
all cases except BtPPF, Figure 4-15. The model shows a positive bias, as all predicted absorbance 
maxima are higher than the experimental data. This may be explained, as the most stable formazan 
structure is always a chelate or “red” formazan, but if metastable yellow formazans are formed by 
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the radiation-induced reduction of tetrazolium salts, then the experimental absorbance will be red-
shifted. Further discussion of the isomer effects follows in the next section. 
Table 4-12. Calculated absorption wavelengths (nm) and oscillator strengths of formazan 
molecules in gas, methanol and chloroform medium using APFD/6-311+G(2d,p). 
 
Molecule 
λexp, nm 
(hydro-
gel) 
Excited 
states 
Gas Methanol Chloroform Electronic transitions (% 
contribution) in methanol λcal, 
nm 
fcal λcal, 
nm 
fcal λcal, 
nm 
fcal 
 
PPPF 
 
 
483 
 
S1 
S2 
S3 
547 
488 
348 
0.0004 
0.4275 
0.0057 
547 
502 
333 
0.0012 
0.5349 
0.0453 
547 
506 
337 
0.0008 
0.5495 
0.0213 
H → L (99.7%) 
H → L (99.9 %) 
H → L (90.2 %) 
NPPF 
 
 
480 
 
S1 
S2 
S3 
559 
500 
368 
0.0013 
0.5307 
0.0030 
566 
520 
386 
0.0096 
0.7450 
0.1400 
565 
523 
381 
0.0127 
0.7274 
0.1657 
H-1 → L (87.3%) 
H → L (97.5 %) 
H → L+1 (95.2 %) 
NNPF 
 
 
535 
 
S1 
S2 
S3 
588 
546 
407 
0.0048 
0.4638 
0.0040 
606 
574 
408 
0.0161 
0.6282 
0.2770 
601 
575 
401 
0.0281 
0.6128 
0.0763 
H-1 → L (88.1%) 
H → L (95.6 %) 
H → L+1 (95.4 %) 
BtPPF  
470 
S1 
S2 
S3 
551 
509 
398 
0.0013 
0.4904 
0.0056 
551 
513 
388 
0.0062 
0.5909 
0.0079 
551 
520 
390 
0.0058 
0.6073 
0.0083 
H-2 → L (94.1%) 
H → L (97.8%) 
H-1 → L (96.6%) 
BtNPF  
535 
S1 
S2 
S3 
565 
547 
440 
0.0617 
0.5081 
0.0018 
577 
562 
449 
0.5727 
0.1975 
0.0018 
581 
563 
448 
0.6614 
0.1047 
0.0020 
H → L (78.6%), H-1 → L (10.7%) 
H-1 → L (57.2%), H → L (41.2%) 
H-1 → L (96.2%) 
BtPNF  
475 
S1 
S2 
S3 
545 
496 
410 
0.0001 
0.5853 
0.0053 
548 
505 
426 
0.0001 
0.7272 
0.3790 
547 
512 
419 
0.0001 
0.7357 
0.4100 
H-2 → L (89.5%) 
H → L (98.8%) 
H → L+1 (98.8%) 
MbPPF  
530 
S1 
S2 
S3 
545 
537 
413 
0.2172 
0.4422 
0.2185 
569 
538 
423 
0.8023 
0.0228 
0.1747 
574 
539 
422 
0.8180 
0.0173 
0.2001 
H → L (99.1%) 
H-3→ L (57.7%), H-2→ L (38.3%) 
H-1 → L (92.9 %) 
 
 
71 
 
 
 
 
Figure 4-15. Comparison between model prediction and experimental data (in hydrogel) for 
formazan molecules in the gas phase and in solution. 
 
4.9.2.1 Effect of Formazan Isomerism on Optical Spectra 
Using BtNP formazan as an example, the modeled spectra of four of its isomers are presented in 
Table 4-14 and Figure 4-16. The two chelates have very similar spectra, while the open-structure 
formazans show large red shift in their absorbance maxima.  
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Table 4-13. Calculated absorption wavelengths (nm) and oscillator strengths of BtNP formazan 
isomers in gas, methanol and chloroform medium using APFD/6-311+G(2d,p). 
 
Isomers 
 
ES 
Gas Methanol Chloroform Electronic transitions (% 
contribution) in methanol λcal, 
nm 
fcal λcal, 
nm 
fcal λcal, 
nm 
fcal 
 
 
F2 
S1 
S2 
S3 
582 
564 
443 
0.0245 
0.4602 
0.0032 
595 
582 
440 
0.1478 
0.4294 
0.0036 
595 
585 
442 
0.3572 
0.2393 
0.0041 
H-2 → L (64.3%), H → L (29.8%) 
H → L (70.3%), H-2 → L (26.8%) 
H-1 → L (98.2%) 
εmax 565 19,633 585 23,330 590 24,119  
 
F3 
S1 
S2 
S3 
565 
547 
440 
0.0617 
0.5081 
0.0018 
577 
562 
449 
0.5727 
0.1975 
0.0018 
581 
563 
448 
0.6614 
0.1047 
0.0020 
H → L (78.6%), H-1 → L (10.7%) 
H-1 → L (57.2%), H → L (41.2%) 
H-1 → L (96.2%) 
εmax 545 23,207 570 31,156 580 30,996  
 
F2o 
S1 
S2 
S3 
505 
462 
396 
0.0007 
0.9226 
0.0127 
507 
494 
404 
0.0431 
1.001 
0.0116 
508 
493 
402 
0.0298 
1.0588 
0.0123 
H → L (95%) 
H-1 → L (98%) 
H-5 → L (24%), H-3 → L (67%) 
εmax 460 37,519 495 42,298 495 44,093  
 
F3o 
S1 
S2 
S3 
524 
448 
358 
0.2753 
0.6106 
0.0088 
538 
471 
409 
0.6679 
0.3924 
0.0109 
539 
467 
404 
0.6211 
0.4373 
0.0127 
H → L (78.6%), H-1 → L (10.7%) 
H-1 → L (57.2%), H → L (41.2%) 
H-1 → L (96.2%) 
εmax 460 29,990 515 36,820 510 35,662  
 
 
Figure 4-16. Calculated optical absorbance spectra of BtNPF isomers in gas phase using 
APFD/6-311+G(2d,p). 
The results also show one of the main advantages of computational methods over experimental 
approaches – it makes possible to calculate the properties of each isomer or tautomer without 
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vitro experiments in order to achieve optimal results, e.g. a high radiochromic signal in the red part 
of the spectrum. This is one area of interest that may be the continuation of this research. 
4.9.2.2.Comparison of computation models for prediction of the optical spectra of formazans 
The last section of this work deals with the theoretical model selection. So far, the optical 
absorbance results have been obtained via the APFD method due to its reasonable computational 
cost, good results and acceptance in the literature. However, a variety of methods have been 
proposed. Testing was performed using the 6-311++G(d,p) basis set, as it is sufficiently advanced 
to cover all the elements present in formazans and tetrazolium salts. The three formazans selected 
for this study are based on the high degree of their complexity. The deviations from the 
experimental results are presented in Figure 4.17 and the detailed results in Table 4-14. 
 
 
Figure 4-17. Deviation of calculated absorption energies in eV from experimental values for NNP, MbPP 
and MFPP formazans using eights models with 6-311++G(d,p) basis set. 
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Table 4-14 Absorption wavelength calculated for three formazans (NNPF, MbPPF and MbFPF) 
using different computational models at 6-311++G(d,p) basis set. 
  
Method 
 
ES 
NNPF MbPPF MbFPF 
λcal fcal λcal fcal λcal fcal 
Experimental  535 nm 530 nm 530 nm 
APFD 
S1 
S2 
S3 
588 
546 
408 
0.0048 
0.4638 
0.0040 
549 
541 
422 
0.2035 
0.4197 
0.2816 
545 
538 
414 
0.2338 
0.4133 
0.2325 
PBE1PBE 
S1 
S2 
S3 
577 
535 
399 
0.0013 
0.4663 
0.0048 
542 
534 
413 
0.0817 
0.5516 
0.2803 
539 
532 
406 
0.1065 
0.5456 
0.2359 
B3LYP 
S1 
S2 
S3 
594 
564 
435 
0.0113 
0.4103 
0.0043 
560 
551 
438 
0.3442 
0.2535 
0.2916 
557 
548 
429 
0.3981 
0.2284 
0.2385 
X3LYP  
S1 
S2 
S3 
585 
556 
424 
0.0098 
0.4233 
0.0046 
554 
545 
430 
0.3986 
0.2036 
0.2953 
551 
542 
422 
0.4559 
0.1745 
0.2427 
CAM-B3LYP 
S1 
S2 
S3 
522 
451 
314 
0.0014 
0.5955 
0.0001 
503 
465 
340 
0.0026 
0.6813 
0.2924 
501 
469 
334 
0.0027 
0.6807 
0.2686 
MO6 
S1 
S2 
S3 
620 
542 
404 
0.0005 
0.4289 
0.0065 
582 
542 
421 
0.0001 
0.6009 
0.2941 
580 
542 
413 
0.0001 
0.6183 
0.2510 
M06HF 
S1 
S2 
S3 
648 
373 
322 
0.0002 
0.6795 
0.0000 
608 
388 
274 
0.0001 
0.6778 
0.3302 
597 
398 
272 
0.0001 
0.6665 
0.3343 
M11 
S1 
S2 
S3 
559 
409 
319 
0.0013 
0.6538 
0.0000 
539 
425 
303 
0.0002 
0.7089 
0.2809 
535 
430 
298 
0.0002 
0.7022 
0.2624 
 
The four best-performing methods were further tested against all formazans of interest, as their 
most stable isomers, Figure 4-18. It appears that the best method over the whole range of structures 
is PBE1PBE.  
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Figure 4-18. Deviation of calculated absorption spectrum energy from experimental values for 
twelve formazans using four models (PBE1PBE, APFD, B3LYP and M06) with 6-311++G(d,p) 
basis set. 
 
As in the previous findings, more results show a strong positive bias. The likely reason for that is 
the presence of yellow formazans as metastable structures or in equilibrium with the red 
formazans. Additionally, formazans have very broad absorbance spectra and the wavelength of 
maximum absorbance may heavily depend on the conditions of scanning. Nonetheless, six of 12 
molecules tested (50%) show very good agreement with the models, indicating the success of the 
computational chemistry approach. 
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Chapter 5. Conclusions and Recommendations 
5.1 Conclusions 
In this work, conformational searching, the ground state geometric optimization and prediction of 
spectrum (UV-Visible, IR and NMR) were performed using eight Density Function Theory (DFT) 
theoretical methods (APFD, B3LYP, PBE1PBE, CAM-B3LYP, X3LYP, M06, M06-HF and M11) 
with two split valence basis sets: 6-311+G(2d,p) and 6-311++G(d,p) for 30 molecules (15 
tetrazolium salts and 15 formazan).  Two sets of molecules were selected: *i) phenyl with 4-
nitrophenyl substituted formazans and tetrazolium salts, (ii) benzothiazolyl-substituted formazans 
and tetrazolium salts with a variety of co-substituting groups: electron withdrawing (-NO2) and 
electron-donating (-OCH3, -Br, -CF3). To simulate the gel-dosimetry environment, polar solvent 
(ethanol, methanol, DMSO, water) and non-polar solvent (toluene and chloroform) were tested. 
The output of this thesis can be summarized in the following points.  
Upon reduction of colorless to faintly yellowish tetrazolium salts using reducing agents like 
radiation produces an intensely colored mixture of formazan structures. The possibility for 
formazans of existing in multiple conformers as stereoisomers and tautomer complicates the 
computation analysis of their physical and chemical properties. For best results, all major 
contributing structures should be computed separately, and their properties should be averaged 
based on the Boltzmann averaging principle. This approach was used in calculating the NMR 
spectra model formazans with very good results. However, for the majority of the thesis, only the 
predominant structure was used for modelling purposes.  
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Frontier molecular orbital (FMO) analysis and the related global reactivity parameters helped 
define the reactivity of the tested molecules in a quantitative manner. FMO also proved a strong 
correlation between the frequency at maximum absorbance and frontier orbital energy gap.  
UV-Visible spectrum analysis was performed with a number of DFT models over a wide polarity 
range of solvents. The calculated wavelengths/energy of maximum absorbance (λmax) for twelve 
formazans in gas phase using the eight DFT models were compared with experimental values in 
gel-dosimetry. The best models were found to be PBE1PBE and APFD, showing very good 
agreement between experiment for six of the tested materials. For the remaining molecules, it is 
possible that the contribution of the yellow formazans cannot be ignored. Nevertheless, the results 
were encouraging and may be useful for the dosimetry application. 
Finally, this study with extensive quantum chemical calculations gave a good picture for the 
geometrical and electronic properties of these types of tetrazolium salts and their respective 
formazan molecules.  
 
5.2. Recommendations for future work  
Based on the encouraging results, future work may include the modelling of a wider variety of 
formazans and tetrazolium salts, including materials that have not yet been synthesized. More work 
would be dedicated to modelling formazans based on all contributing structures. Future work may 
also include the computation of local reactivity parameters and Fukui functions in order to 
determine the active sites involved in oxidation/reduction or acid/base reactions involving 
tetrazolium salts and formazans.  
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Appendix A. Experimental Data on Formazans  
Disclaimers: This work was performed by Kalin I. Penev, PhD, a research associate in Dr. 
Mequanint’s group and a collaborator on the project discussed in this thesis. Used with 
permission. 
The synthetic approach to the formazans and tetrazolium salts was: 
 
Schematic A0-1. Three-step synthesis for benzothyazolyl-tetrazolium salts 
Final yields up to 50% were achieved (manuscript in preparation). 
Deionized water, propylene glycol, gellan gum and each of the tetrazolium salts (TS) were used 
to prepare optically clear hydrogels containing 0.25 mM TS, 10% (v/v) propylene glycol and 
1.25% (wt/v) gellan gum. Irradiations of samples in plastic cuvettes were preformed on Co-60 
source the London Regional Cancer Program in London, Canada. Optical readout (300 – 700 
nm) was performed before and after irradiation on a GENESYS 10S UV-visible 
spectrophotometer (Thermo Scientific, Canada).  
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The figures below present the normalized absorbances of the formazans formed within the gels 
following irradiations. Complex absorbance spectra with very broad peaks and shoulders at 
higher wavelengths are observed. 
 
 
Figure A0-2. Normalized absorbance spectra of formazans of interest (in a hydrogel). 
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Appendix B. Sample Input Code  
UV-Visible Spectrum Calculation  
Method: TD-DFT, APFD/6-311+G(2d,p), in methanol solution  (.com file) 
%Nosave 
%Mem=4GB                                            # Requested memory 
%NProcShared=16                                 # Requested number of processer 
%Chk=BtNPF3_AM1_APFD_6311tG2dp_TD30_Methanol_11.chk    # link 0 command 
section 
#n APFD/6-311+G(2d,p) Opt Freq  SCRF=(Solvent=Methanol)           # route-1: Method and 
calculation  
                                                                                                      # required blank line 
 BtNPF3_AM1_APFD_6311tG2dp_TD30_Methanol_11   # job tittle  
                                                                                                      # required blank line 
0 1                                                                               # Chare and spin multiplicity 
N         -1.21065        1.29119        0.00399            # Molecular structure 
C         -0.00281        1.80572        0.00887 
N          1.20333        1.14395        0.00995 
N          1.17715       -0.12439        0.02345 
H         -0.56312       -0.60450        0.03814 
N         -1.39478       -0.00152        0.02159 
C         -2.66728       -0.53527        0.00396 
C          2.42438       -0.70656        0.02042 
C          0.09434        3.27950        0.00758 
C         -2.78894       -1.93038        0.03027 
C         -4.03805       -2.51183        0.01559 
C         -5.16370       -1.69591       -0.02491 
C         -5.05595       -0.30866       -0.05181 
C         -3.80810        0.27557       -0.03805 
C          1.29826        3.91449       -0.30982 
C          1.38246        5.30057       -0.31842 
C          0.27042        6.07388       -0.00792 
C         -0.93066        5.44820        0.31293 
C         -1.01897        4.06464        0.32198 
S          3.91126        0.24735        0.00214 
C          4.78748       -1.25372        0.00680 
C          3.88156       -2.33797        0.02217 
N          2.55537       -1.99640        0.02977 
C          6.16346       -1.46366       -0.00153 
C          6.62175       -2.77064        0.00545 
C          5.73174       -3.85508        0.02060 
C          4.36662       -3.65061        0.02895 
N         -6.47638       -2.30327       -0.04025 
O         -7.45308       -1.56476       -0.07439 
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O         -6.54608       -3.52609       -0.01823 
H         -1.90112       -2.55259        0.06281 
H         -4.14998       -3.58778        0.03566 
H         -5.95056        0.29937       -0.08414 
H         -3.70129        1.35196       -0.06031 
H          2.16860        3.31757       -0.55404 
H          2.32379        5.77767       -0.57148 
H          0.33828        7.15682       -0.01285 
H         -1.80342        6.04262        0.56343 
H         -1.95421        3.58120        0.57899 
H          6.85758       -0.63110       -0.01312 
H          7.69027       -2.95748       -0.00083 
H          6.12474       -4.86591        0.02574 
H          3.66726       -4.47935        0.04065 
                                                                                                      # required blank line 
--link1-- 
%Chk=BtNPF3_AM1_APFD_6311tG2dp_TD30_Methanol_11.chk 
#n APFD/6-311+G(2d,p) TD=(NStates=30)  SCRF=(Solvent=Methanol)      # route-2: Method 
and calculation 
                                                                                                      # required blank line 
 BtNPF3_AM1_APFD_6311tG2dp_TD30_Methanol_11                                # job tittle 
                                                                                                      # required blank line 
0 1                                                                                                                               # Chare and 
spin multiplicity 
 
Resource request page  
The sample input code is a .sh file 
#!/bin/bash 
#SBATCH --account=def-kmequani        #.bash_profile file, def-supervisor 
#SBATCH --mem=10G                       # memory, roughly 2 times %mem defined in the input 
name.com file 
#SBATCH --time=00-08:00               # expect run time (DD-HH:MM)  
#SBATCH --cpus-per-task=16           # No. of cpus for the job as defined by %nprocs in the name.com 
file 
#SBATCH --output=BtNPF3_AM1_APFD_6311tG2dp_TD30_Methanol_11.log    # output file 
module load gaussian/g16.b01        # module load the gaussian version 
G16  BtNPF3_AM1_APFD_6311tG2dp_TD30_Methanol_11.com                            # G16 command, 
input: name.com 
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Appendix C. Optimized Geometries  
Optimized Geometry of BtNPF using APFD/6-311+G(2d,p) in methanol 
#  #  R [A]  # A[
0] #  D[0]   
1 N 
      
  
  
  
   
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
  
  
  
2 N 1 1.297 
    
3 N 2 1.334 1 110 
  
4 N 3 1.295 2 110 1 1 
5 C 1 1.341 2 104 3 359 
6 C 5 1.450 1 125 2 180 
7 C 6 1.396 5 120 1 360 
8 C 7 1.385 6 120 5 180 
9 C 8 1.391 7 120 6 360 
10 C 9 1.391 8 120 7 0 
11 C 10 1.386 9 120 8 0 
12 C 3 1.433 2 127 1 183 
13 C 12 1.383 3 118 2 244 
14 C 13 1.384 12 118 3 180 
15 C 14 1.385 13 119 12 360 
16 C 15 1.386 14 123 13 1 
17 C 16 1.382 15 119 14 359 
18 S 2 2.723 1 93 3 193 
19 C 2 1.410 1 124 3 179 
20 N 19 1.282 2 121 1 206 
21 C 20 1.372 19 109 2 181 
22 C 21 1.412 20 115 19 360 
23 C 21 1.398 20 125 19 180 
24 C 23 1.379 21 118 20 180 
25 C 24 1.404 23 121 21 360 
26 C 25 1.383 24 122 23 0 
27 N 15 1.469 14 118 13 180 
28 O 27 1.218 15 118 14 181 
29 O 27 1.218 15 118 14 1 
30 H 7 1.084 6 120 5 0 
31 H 8 1.084 7 120 6 180 
32 H 9 1.085 8 120 7 180 
33 H 10 1.084 9 120 8 180 
34 H 11 1.084 10 120 9 180 
35 H 13 1.083 12 121 3 1 
36 H 14 1.082 13 121 12 180 
37 H 16 1.082 15 120 14 179 
38 H 17 1.083 16 121 15 180 
39 H 23 1.084 21 120 20 360 
40 H 24 1.084 23 120 21 180 
41 H 25 1.084 24 119 23 180 
42 H 26 1.083 25 121 24 180 
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Optimized Geometry of BtNPF using APFD/6-311+G(2d,p) in methanol 
#  #  R [A]  # A[
0] #  D[0]   
1 N 
      
  
  
  
 
 
 
 
      
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
2 C 1 1.308 
    
3 N 2 1.384 1 128 
  
4 N 3 1.263 2 117 1 359 
5 H 4 1.809 3 108 2 360 
6 N 5 1.029 4 127 3 1 
7 C 6 1.366 5 122 4 179 
8 C 2 1.476 1 117 3 180 
9 C 4 1.403 3 115 2 180 
10 C 9 1.401 4 124 3 3 
11 C 10 1.379 9 120 4 180 
12 C 11 1.392 10 119 9 360 
13 C 12 1.387 11 122 10 360 
14 C 13 1.382 12 118 11 0 
15 C 8 1.397 2 121 1 196 
16 C 15 1.389 8 120 2 179 
17 C 16 1.389 15 120 8 0 
18 C 17 1.392 16 119 15 0 
19 C 18 1.386 17 120 16 360 
20 N 7 1.293 6 122 5 1 
21 C 20 1.377 7 110 6 180 
22 C 21 1.410 20 115 7 360 
23 S 22 1.747 21 110 20 0 
24 C 21 1.396 20 125 7 180 
25 C 24 1.384 21 119 20 180 
26 C 25 1.399 24 121 21 0 
27 C 26 1.387 25 121 24 360 
28 N 12 1.458 11 119 10 180 
29 O 28 1.222 12 118 11 180 
30 O 28 1.222 12 118 11 0 
31 H 10 1.082 9 120 4 0 
32 H 11 1.082 10 121 9 180 
33 H 13 1.082 12 120 11 180 
34 H 14 1.084 13 121 12 180 
35 H 15 1.083 8 120 2 360 
36 H 16 1.085 15 120 8 180 
37 H 17 1.085 16 120 15 180 
38 H 18 1.085 17 120 16 180 
39 H 19 1.084 18 120 17 180 
40 H 24 1.085 21 120 20 0 
41 H 25 1.085 24 120 21 180 
42 H 26 1.085 25 120 24 180 
43 H 27 1.084 26 121 25 180 
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PPP 
Tetrazolium salt Formazan 
1 N       
2 N 1 1.297     
3 N 2 1.331 1 109.9   
4 N 3 1.297 2 109.9 1 1.2 
5 C 1 1.342 2 104.4 3 359.1 
6 C 5 1.452 1 124.4 2 180.4 
7 C 6 1.396 5 119.8 1 359.5 
8 C 7 1.386 6 119.7 5 180.0 
9 C 8 1.391 7 120.1 6 360.0 
10 C 9 1.391 8 120.2 7 0.0 
11 C 10 1.386 9 120.1 8 0.0 
12 C 3 1.429 2 125.6 1 182.0 
13 C 12 1.386 3 117.8 2 234.1 
14 C 13 1.387 12 118.0 3 180.3 
15 C 14 1.391 13 120.1 12 359.9 
16 C 15 1.391 14 120.6 13 0.5 
17 C 16 1.386 15 120.2 14 359.8 
18 C 2 1.429 1 124.4 3 179.3 
19 C 18 1.387 2 119.1 1 235.7 
20 C 19 1.386 18 117.9 2 179.9 
21 C 20 1.391 19 120.2 18 359.7 
22 C 21 1.391 20 120.6 19 359.8 
23 C 18 1.386 2 117.8 1 54.9 
24 H 7 1.084 6 120.0 5 0.0 
25 H 8 1.084 7 119.7 6 180.0 
26 H 9 1.085 8 119.9 7 180.0 
27 H 10 1.084 9 120.2 8 180.0 
28 H 11 1.084 10 120.4 9 180.0 
29 H 13 1.084 12 120.4 3 0.8 
30 H 14 1.084 13 119.5 12 180.3 
31 H 15 1.084 14 119.7 13 180.3 
32 H 16 1.084 15 120.3 14 179.2 
33 H 17 1.083 16 121.1 15 179.1 
34 H 19 1.083 18 121.0 2 0.5 
35 H 20 1.084 19 119.5 18 180.2 
36 H 21 1.084 20 119.7 19 180.0 
37 H 22 1.084 21 120.3 20 180.1 
38 H 23 1.084 18 120.4 2 0.8 
 
1 N       
2 C 1 1.313     
3 N 2 1.379 1 128.4   
4 N 3 1.266 2 117.3 1 0.2 
5 H 4 1.784 3 106.5 2 359.3 
6 N 5 1.029 4 130.1 3 0.9 
7 C 6 1.390 5 121.9 4 179.1 
8 C 2 1.478 1 116.6 3 180.0 
9 C 4 1.404 3 115.6 2 180.4 
10 C 9 1.396 4 115.6 3 182.4 
11 C 10 1.387 9 120.1 4 180.0 
12 C 11 1.390 10 119.9 9 0.2 
13 C 12 1.395 11 120.0 10 360.0 
14 C 13 1.384 12 120.5 11 359.9 
15 C 7 1.397 6 117.7 5 1.2 
16 C 15 1.386 7 119.8 6 180.0 
17 C 16 1.391 15 120.4 7 360.0 
18 C 17 1.392 16 119.4 15 0.0 
19 C 18 1.386 17 120.8 16 0.0 
20 C 8 1.398 2 120.8 1 193.5 
21 C 20 1.389 8 120.7 2 179.6 
22 C 21 1.390 20 120.4 8 0.1 
23 C 22 1.392 21 119.3 20 0.0 
24 C 23 1.387 22 120.4 21 360.0 
25 H 10 1.085 9 118.8 4 0.1 
26 H 11 1.085 10 119.9 9 180.1 
27 H 12 1.085 11 120.1 10 179.9 
28 H 13 1.085 12 119.8 11 179.8 
29 H 14 1.083 13 121.1 12 179.8 
30 H 15 1.086 7 119.8 6 0.1 
31 H 16 1.085 15 119.4 7 180.0 
32 H 17 1.085 16 120.3 15 180.0 
33 H 18 1.085 17 119.9 16 180.0 
34 H 19 1.083 18 121.1 17 179.9 
35 H 20 1.083 8 119.3 2 359.8 
36 H 21 1.086 20 119.5 8 180.2 
37 H 22 1.085 21 120.4 20 179.9 
38 H 23 1.086 22 120.0 21 179.7 
39 H 24 1.084 23 120.1 22 179.6 
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NPP 
Tetrazolium salt Formazan 
1 N       
2 N 1 1.297     
3 N 2 1.332 1 110.1   
4 N 3 1.294 2 109.8 1 1.2 
5 C 1 1.341 2 104.3 3 359.0 
6 C 5 1.451 1 124.5 2 180.4 
7 C 6 1.396 5 119.8 1 359.5 
8 C 7 1.386 6 119.6 5 180.1 
9 C 8 1.391 7 120.1 6 360.0 
10 C 9 1.391 8 120.2 7 360.0 
11 C 10 1.386 9 120.1 8 0.0 
12 C 3 1.428 2 125.7 1 181.7 
13 C 12 1.386 3 117.7 2 233.1 
14 C 13 1.386 12 117.9 3 180.0 
15 C 14 1.391 13 120.2 12 359.9 
16 C 15 1.391 14 120.6 13 0.5 
17 C 16 1.386 15 120.2 14 359.7 
18 C 2 1.428 1 124.0 3 179.1 
19 C 18 1.387 2 119.0 1 234.8 
20 C 19 1.383 18 118.1 2 179.8 
21 C 20 1.386 19 118.6 18 359.6 
22 C 21 1.385 20 123.0 19 359.7 
23 C 22 1.383 21 118.6 20 0.6 
24 N 21 1.469 20 118.5 19 179.9 
25 O 24 1.218 21 117.5 20 178.6 
26 O 24 1.218 21 117.5 20 358.6 
27 H 7 1.084 6 120.0 5 0.1 
28 H 8 1.084 7 119.7 6 180.0 
29 H 9 1.085 8 119.9 7 180.0 
30 H 10 1.084 9 120.2 8 180.0 
31 H 11 1.084 10 120.4 9 180.0 
32 H 13 1.084 12 120.4 3 0.6 
33 H 14 1.084 13 119.5 12 180.3 
34 H 15 1.084 14 119.7 13 180.3 
35 H 16 1.084 15 120.3 14 179.1 
36 H 17 1.083 16 121.0 15 178.9 
37 H 19 1.083 18 121.3 2 0.3 
38 H 20 1.082 19 121.0 18 180.2 
39 H 22 1.082 21 120.4 20 180.1 
40 H 23 1.083 22 121.2 21 179.3 
 
1 N       
2 C 1 1.305     
3 N 2 1.391 1 128.8   
4 N 3 1.261 2 116.9 1 358.2 
5 H 4 1.800 3 106.9 2 0.7 
6 N 5 1.027 4 129.5 3 0.7 
7 C 6 1.373 5 122.1 4 178.0 
8 C 2 1.477 1 116.7 3 179.5 
9 C 4 1.403 3 115.9 2 179.8 
10 C 9 1.396 4 115.4 3 180.7 
11 C 10 1.387 9 120.0 4 179.9 
12 C 11 1.390 10 119.8 9 0.1 
13 C 12 1.396 11 120.2 10 0.0 
14 C 13 1.383 12 120.4 11 360.0 
15 C 7 1.403 6 117.9 5 1.0 
16 C 15 1.376 7 120.1 6 179.9 
17 C 16 1.393 15 119.3 7 360.0 
18 C 17 1.393 16 121.2 15 0.0 
19 C 18 1.377 17 119.6 16 0.0 
20 C 8 1.398 2 120.8 1 196.1 
21 C 20 1.389 8 120.6 2 179.4 
22 C 21 1.389 20 120.4 8 0.2 
23 C 22 1.392 21 119.4 20 0.0 
24 C 23 1.386 22 120.3 21 359.9 
25 N 17 1.441 16 119.4 15 180.0 
26 O 25 1.227 17 118.2 16 179.8 
27 O 25 1.227 17 118.2 16 359.8 
28 H 10 1.085 9 118.9 4 360.0 
29 H 11 1.085 10 120.0 9 180.0 
30 H 12 1.085 11 120.0 10 180.0 
31 H 13 1.085 12 119.8 11 179.9 
32 H 14 1.083 13 121.1 12 179.9 
33 H 15 1.085 7 119.9 6 359.9 
34 H 16 1.082 15 120.8 7 180.0 
35 H 18 1.082 17 119.7 16 179.9 
36 H 19 1.082 18 120.7 17 179.9 
37 H 20 1.083 8 119.4 2 359.7 
38 H 21 1.085 20 119.5 8 180.3 
39 H 22 1.085 21 120.3 20 179.8 
40 H 23 1.085 22 120.0 21 179.5 
41 H 24 1.084 23 120.1 22 179.6 
 
 
  
94 
 
 
NNP 
Tetrazolium salt Formazan 
1 N       
2 N 1 1.294     
3 N 2 1.332 1 110.0   
4 N 3 1.294 2 110.0 1 1.1 
5 C 4 1.343 3 104.4 2 359.2 
6 C 5 1.450 4 124.4 3 180.3 
7 C 6 1.396 5 119.8 4 178.8 
8 C 7 1.386 6 119.6 5 180.0 
9 C 8 1.391 7 120.1 6 360.0 
10 C 9 1.391 8 120.2 7 0.0 
11 C 10 1.386 9 120.1 8 0.0 
12 C 3 1.429 2 125.6 1 181.8 
13 C 12 1.385 3 117.5 2 235.2 
14 C 13 1.383 12 118.1 3 180.0 
15 C 14 1.385 13 118.6 12 359.9 
16 C 15 1.385 14 123.1 13 0.7 
17 C 16 1.383 15 118.6 14 359.6 
18 N 15 1.470 14 118.5 13 180.5 
19 O 18 1.218 15 117.5 14 178.8 
20 O 18 1.218 15 117.5 14 358.9 
21 C 2 1.429 1 124.4 3 179.3 
22 C 21 1.386 2 118.9 1 236.8 
23 C 22 1.383 21 118.0 2 180.3 
24 C 23 1.385 22 118.6 21 359.6 
25 C 24 1.385 23 123.1 22 359.6 
26 C 25 1.383 24 118.6 23 0.7 
27 N 24 1.470 23 118.4 22 179.8 
28 O 27 1.218 24 117.5 23 178.7 
29 O 27 1.218 24 117.5 23 358.6 
30 H 7 1.084 6 120.0 5 360.0 
31 H 8 1.084 7 119.7 6 180.0 
32 H 9 1.085 8 119.9 7 180.0 
33 H 10 1.084 9 120.2 8 180.0 
34 H 11 1.084 10 120.4 9 180.0 
35 H 13 1.083 12 120.7 3 0.6 
36 H 14 1.082 13 121.0 12 180.4 
37 H 16 1.082 15 120.4 14 179.0 
38 H 17 1.083 16 120.6 15 178.6 
39 H 22 1.083 21 121.4 2 1.2 
40 H 23 1.082 22 121.0 21 180.1 
41 H 25 1.082 24 120.4 23 180.2 
42 H 26 1.083 25 121.2 24 179.3 
 
1 N       
2 C 1 1.311     
3 N 2 1.382 1 128.4   
4 N 3 1.264 2 117.2 1 359.5 
5 H 4 1.795 3 106.8 2 359.5 
6 N 5 1.029 4 129.3 3 1.3 
7 C 6 1.378 5 121.9 4 178.3 
8 C 2 1.477 1 116.7 3 179.8 
9 C 4 1.403 3 115.2 2 180.3 
10 C 9 1.396 4 115.5 3 184.0 
11 C 10 1.382 9 120.2 4 180.0 
12 C 11 1.387 10 118.5 9 0.2 
13 C 12 1.392 11 122.2 10 0.0 
14 C 13 1.379 12 119.0 11 359.9 
15 C 7 1.401 6 117.8 5 1.6 
16 C 15 1.378 7 120.0 6 180.0 
17 C 16 1.391 15 119.1 7 360.0 
18 C 17 1.392 16 121.5 15 0.0 
19 C 18 1.378 17 119.5 16 0.0 
20 C 8 1.398 2 120.7 1 196.8 
21 C 20 1.389 8 120.5 2 179.5 
22 C 21 1.390 20 120.4 8 0.2 
23 C 22 1.392 21 119.5 20 0.0 
24 C 23 1.386 22 120.3 21 359.9 
25 N 17 1.445 16 119.3 15 180.0 
26 O 25 1.225 17 118.1 16 179.9 
27 O 25 1.225 17 118.1 16 359.9 
28 N 12 1.457 11 118.9 10 179.9 
29 O 28 1.222 12 117.9 11 180.4 
30 O 28 1.222 12 117.9 11 0.4 
31 H 10 1.084 9 119.1 4 0.2 
32 H 11 1.082 10 121.3 9 180.2 
33 H 13 1.082 12 119.8 11 179.8 
34 H 14 1.082 13 120.7 12 179.8 
35 H 15 1.085 7 120.0 6 0.1 
36 H 16 1.082 15 120.9 7 180.0 
37 H 18 1.082 17 119.8 16 179.9 
38 H 19 1.082 18 120.7 17 179.9 
39 H 20 1.083 8 119.5 2 359.8 
40 H 21 1.085 20 119.5 8 180.3 
41 H 22 1.085 21 120.3 20 179.8 
42 H 23 1.085 22 120.1 21 179.6 
43 H 24 1.084 23 120.1 22 179.6 
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BtPP 
Tetrazolium salt Formazan 
1 N       
2 N 1 1.300     
3 N 2 1.334 1 110.3   
4 N 3 1.294 2 109.4 1 1.4 
5 C 1 1.339 2 104.2 3 358.8 
6 C 5 1.451 1 124.5 2 180.4 
7 C 6 1.396 5 119.8 1 359.2 
8 C 7 1.386 6 119.6 5 180.1 
9 C 8 1.391 7 120.1 6 360.0 
10 C 9 1.391 8 120.2 7 0.0 
11 C 10 1.386 9 120.1 8 0.0 
12 C 3 1.429 2 126.2 1 183.5 
13 C 12 1.384 3 117.8 2 234.9 
14 C 13 1.387 12 117.9 3 180.7 
15 C 14 1.390 13 120.1 12 360.0 
16 C 15 1.391 14 120.6 13 0.5 
17 C 16 1.385 15 120.2 14 359.7 
18 S 2 2.726 1 96.3 3 199.2 
19 C 2 1.412 1 123.7 3 178.4 
20 N 19 1.282 2 120.9 1 219.0 
21 C 20 1.373 19 108.9 2 181.1 
22 C 21 1.412 20 115.1 19 359.5 
23 C 21 1.397 20 124.8 19 179.9 
24 C 23 1.379 21 118.4 20 179.6 
25 C 24 1.404 23 121.0 21 359.8 
26 C 25 1.383 24 121.6 23 0.0 
27 H 7 1.084 6 120.0 5 0.1 
28 H 8 1.084 7 119.7 6 180.0 
29 H 9 1.085 8 119.9 7 180.0 
30 H 10 1.084 9 120.2 8 180.0 
31 H 11 1.084 10 120.4 9 180.0 
32 H 13 1.083 12 120.5 3 1.3 
33 H 14 1.084 13 119.5 12 180.3 
34 H 15 1.084 14 119.7 13 180.2 
35 H 16 1.084 15 120.3 14 179.2 
36 H 17 1.084 16 121.1 15 179.2 
37 H 23 1.084 21 119.7 20 359.6 
38 H 24 1.084 23 119.7 21 179.9 
39 H 25 1.084 24 119.4 23 180.1 
40 H 26 1.083 25 121.2 24 180.0 
 
1 N       
2 C 1 1.303     
3 N 2 1.392 1 128.5   
4 N 3 1.260 2 116.8 1 359.0 
5 H 4 1.814 3 107.8 2 0.3 
6 N 5 1.028 4 127.2 3 0.4 
7 C 6 1.362 5 122.3 4 178.9 
8 C 2 1.477 1 116.8 3 179.8 
9 C 4 1.403 3 115.9 2 180.1 
10 C 9 1.400 4 124.3 3 1.1 
11 C 10 1.383 9 119.3 4 180.0 
12 C 11 1.396 10 120.4 9 360.0 
13 C 12 1.390 11 120.2 10 360.0 
14 C 13 1.387 12 119.8 11 0.0 
15 C 8 1.398 2 120.7 1 194.9 
16 C 15 1.389 8 120.5 2 179.4 
17 C 16 1.389 15 120.4 8 0.2 
18 C 17 1.392 16 119.4 15 360.0 
19 C 18 1.386 17 120.3 16 360.0 
20 N 7 1.293 6 122.3 5 0.5 
21 C 20 1.378 7 109.8 6 179.8 
22 C 21 1.409 20 115.6 7 360.0 
23 S 22 1.748 21 109.7 20 0.0 
24 C 21 1.396 20 125.0 7 180.0 
25 C 24 1.385 21 119.0 20 180.0 
26 C 25 1.399 24 121.0 21 360.0 
27 C 26 1.388 25 120.9 24 0.0 
28 H 10 1.083 9 119.5 4 0.1 
29 H 11 1.085 10 119.7 9 180.0 
30 H 12 1.085 11 119.8 10 180.0 
31 H 13 1.085 12 120.2 11 180.0 
32 H 14 1.085 13 121.1 12 180.0 
33 H 15 1.083 8 119.4 2 359.7 
34 H 16 1.085 15 119.5 8 180.3 
35 H 17 1.085 16 120.3 15 179.8 
36 H 18 1.085 17 120.0 16 179.6 
37 H 19 1.084 18 120.1 17 179.6 
38 H 24 1.085 21 119.6 20 360.0 
39 H 25 1.085 24 119.6 21 180.0 
40 H 26 1.085 25 119.8 24 180.0 
41 H 27 1.084 26 120.8 25 180.0 
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BtPN 
Tetrazolium salt Formazan 
1 N       
2 N 1 1.298     
3 N 2 1.336 1 110.3   
4 N 3 1.293 2 109.4 1 358.5 
5 C 1 1.337 2 104.1 3 1.2 
6 C 5 1.454 1 124.4 2 179.6 
7 C 6 1.395 5 119.7 1 1.8 
8 C 7 1.382 6 119.8 5 179.9 
9 C 8 1.387 7 118.6 6 0.0 
10 C 9 1.386 8 122.5 7 360.0 
11 C 10 1.383 9 118.6 8 360.0 
12 C 3 1.429 2 126.3 1 176.6 
13 C 12 1.386 3 118.8 2 304.6 
14 C 13 1.385 12 117.8 3 180.7 
15 C 14 1.392 13 120.2 12 0.2 
16 C 15 1.390 14 120.6 13 0.3 
17 C 12 1.385 3 117.7 2 125.9 
18 S 2 2.727 1 96.0 3 161.3 
19 C 2 1.412 1 123.7 3 181.7 
20 N 19 1.282 2 120.8 1 142.0 
21 C 20 1.372 19 108.8 2 178.9 
22 C 21 1.412 20 115.1 19 0.5 
23 C 21 1.398 20 124.8 19 180.2 
24 C 23 1.379 21 118.4 20 180.2 
25 C 24 1.404 23 121.0 21 0.1 
26 C 25 1.383 24 121.6 23 360.0 
27 N 9 1.465 8 118.7 7 180.0 
28 O 27 1.219 9 117.7 8 180.4 
29 O 27 1.219 9 117.7 8 0.4 
30 H 7 1.083 6 120.3 5 360.0 
31 H 8 1.082 7 121.2 6 180.0 
32 H 10 1.082 9 120.2 8 180.0 
33 H 11 1.083 10 120.0 9 180.0 
34 H 13 1.084 12 121.1 3 0.2 
35 H 14 1.084 13 119.5 12 179.7 
36 H 15 1.084 14 119.6 13 180.1 
37 H 16 1.084 15 120.3 14 179.9 
38 H 17 1.083 12 120.5 3 358.6 
39 H 23 1.084 21 119.7 20 0.2 
40 H 24 1.084 23 119.7 21 180.1 
41 H 25 1.084 24 119.3 23 180.0 
42 H 26 1.083 25 121.1 24 180.1 
 
1 N       
2 C 1 1.305     
3 N 2 1.389 1 128.6   
4 N 3 1.261 2 116.7 1 360.0 
5 H 4 1.809 3 107.8 2 360.0 
6 N 5 1.030 4 127.4 3 0.0 
7 C 6 1.366 5 122.2 4 180.0 
8 C 2 1.473 1 116.4 3 180.0 
9 C 4 1.402 3 116.0 2 180.0 
10 C 9 1.400 4 124.3 3 360.0 
11 C 10 1.383 9 119.3 4 180.0 
12 C 11 1.396 10 120.4 9 0.0 
13 C 12 1.390 11 120.2 10 0.0 
14 C 13 1.387 12 119.8 11 360.0 
15 C 8 1.400 2 120.6 1 180.0 
16 C 15 1.383 8 120.8 2 180.0 
17 C 16 1.387 15 119.0 8 0.0 
18 C 17 1.390 16 121.5 15 360.0 
19 C 18 1.379 17 119.0 16 360.0 
20 N 7 1.292 6 122.0 5 360.0 
21 C 20 1.378 7 109.7 6 180.0 
22 C 21 1.409 20 115.5 7 360.0 
23 S 22 1.747 21 109.7 20 360.0 
24 C 21 1.396 20 125.0 7 180.0 
25 C 24 1.384 21 119.0 20 180.0 
26 C 25 1.399 24 121.0 21 360.0 
27 C 26 1.388 25 120.9 24 0.0 
28 N 17 1.452 16 119.2 15 180.0 
29 O 28 1.224 17 118.0 16 180.0 
30 O 28 1.224 17 118.1 16 0.0 
31 H 10 1.083 9 119.6 4 360.0 
32 H 11 1.085 10 119.7 9 180.0 
33 H 12 1.085 11 119.8 10 180.0 
34 H 13 1.085 12 120.2 11 180.0 
35 H 14 1.085 13 121.1 12 180.0 
36 H 15 1.082 8 119.5 2 0.0 
37 H 16 1.082 15 121.0 8 180.0 
38 H 18 1.082 17 120.0 16 180.0 
39 H 19 1.082 18 119.7 17 180.0 
40 H 24 1.085 21 119.6 20 360.0 
41 H 25 1.085 24 119.6 21 180.0 
42 H 26 1.085 25 119.7 24 180.0 
43 H 27 1.084 26 120.8 25 180.0 
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MbPP 
Tetrazolium salt Formazan 
1 N       
2 N 1 1.300     
3 N 2 1.335 1 110.2   
4 N 3 1.297 2 109.4 1 1.3 
5 C 1 1.340 2 104.3 3 359.0 
6 C 5 1.451 1 124.4 2 180.2 
7 C 2 1.405 1 123.0 3 179.0 
8 C 3 1.431 2 126.5 1 183.8 
9 S 7 1.740 2 119.3 1 25.8 
10 C 9 1.738 7 86.9 2 180.0 
11 C 10 1.411 9 109.7 7 360.0 
12 N 7 1.284 2 121.8 1 206.1 
13 C 6 1.396 5 119.8 1 359.2 
14 C 13 1.386 6 119.6 5 180.1 
15 C 14 1.391 13 120.1 6 360.0 
16 C 15 1.391 14 120.2 13 0.0 
17 C 16 1.386 15 120.1 14 0.0 
18 C 8 1.384 3 118.0 2 242.8 
19 C 18 1.387 8 117.8 3 180.6 
20 C 19 1.390 18 120.1 8 359.9 
21 C 20 1.392 19 120.6 18 0.5 
22 C 8 1.385 3 118.5 2 63.8 
23 C 10 1.390 9 127.9 7 179.8 
24 C 23 1.392 10 117.1 9 180.1 
25 C 24 1.414 23 121.1 10 0.0 
26 C 25 1.370 24 121.2 23 0.1 
27 O 24 1.344 23 124.4 10 180.0 
28 C 27 1.422 24 118.3 23 359.6 
29 H 13 1.084 6 120.0 5 0.1 
30 H 14 1.084 13 119.7 6 180.0 
31 H 15 1.085 14 119.9 13 180.0 
32 H 16 1.084 15 120.2 14 180.0 
33 H 17 1.084 16 120.4 15 180.0 
34 H 18 1.083 8 120.5 3 1.1 
35 H 19 1.084 18 119.6 8 180.2 
36 H 20 1.084 19 119.7 18 180.2 
37 H 21 1.084 20 120.3 19 179.3 
38 H 22 1.084 8 120.8 3 359.7 
39 H 23 1.081 10 120.9 9 0.2 
40 H 25 1.084 24 117.8 23 180.0 
41 H 26 1.084 25 121.4 24 179.9 
42 H 28 1.087 27 105.8 24 180.4 
43 H 28 1.093 27 110.9 24 299.1 
44 H 28 1.093 27 110.9 24 61.6 
 
1 N       
2 C 1 1.321     
3 N 2 1.364 1 128.1   
4 N 3 1.277 2 117.9 1 360.0 
5 H 4 1.793 3 106.1 2 359.5 
6 N 5 1.029 4 129.3 3 0.8 
7 C 6 1.393 5 121.1 4 179.0 
8 C 4 1.370 3 113.8 2 180.0 
9 C 2 1.478 1 116.5 3 179.9 
10 C 7 1.396 6 117.6 5 0.6 
11 C 10 1.386 7 119.6 6 180.0 
12 C 11 1.391 10 120.3 7 360.0 
13 C 12 1.393 11 119.6 10 0.0 
14 C 13 1.386 12 120.8 11 0.0 
15 C 9 1.398 2 120.7 1 194.9 
16 C 15 1.389 9 120.6 2 179.7 
17 C 16 1.390 15 120.4 9 0.0 
18 C 17 1.391 16 119.3 15 0.1 
19 C 18 1.387 17 120.4 16 360.0 
20 S 8 1.774 4 122.1 3 0.0 
21 C 20 1.738 8 87.7 4 180.1 
22 C 21 1.410 20 109.7 8 360.0 
23 N 8 1.298 4 121.6 3 180.1 
24 C 21 1.392 20 128.2 8 180.0 
25 C 24 1.392 21 117.6 20 180.0 
26 C 25 1.410 24 120.9 21 360.0 
27 C 26 1.374 25 121.0 24 0.0 
28 O 25 1.350 24 124.4 21 180.0 
29 C 28 1.419 25 118.1 24 360.0 
30 H 10 1.086 7 119.9 6 360.0 
31 H 11 1.085 10 119.5 7 180.0 
32 H 12 1.085 11 120.2 10 180.0 
33 H 13 1.085 12 119.9 11 180.0 
34 H 14 1.083 13 121.1 12 179.9 
35 H 15 1.083 9 119.4 2 359.9 
36 H 16 1.085 15 119.5 9 180.2 
37 H 17 1.085 16 120.3 15 179.9 
38 H 18 1.085 17 120.1 16 179.7 
39 H 19 1.084 18 120.1 17 179.6 
40 H 24 1.082 21 120.6 20 360.0 
41 H 26 1.084 25 118.0 24 180.0 
42 H 27 1.085 26 121.0 25 180.0 
43 H 29 1.088 28 105.9 25 180.0 
44 H 29 1.094 28 111.1 25 298.8 
45 H 29 1.094 28 111.1 25 61.2 
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Appendix D. Extended Frontier Orbitals 
 
BtNP tetrazolium BtNP formazan 
  
ELUMO+1 = -3.285 eV ELUMO+1 = -2.627 eV 
 
 
ELUMO = -3.924 eV ELUMO = -3.672 eV 
  
EHOMO = -7.492 eV EHOMO = -6.226 eV 
 
 
EHOMO+1 = -7.587 eV EHOMO+1 = -7.060 eV 
ΔE
 =
  3
.5
68
 e
V 
ΔE
 =
  2
.5
54
 e
V 
ΔE
 =
  4
.3
02
 e
V 
ΔE
 =
  4
.4
33
 e
V 
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PPP PPPF NPP NPPF 
    
LUMO (-6.222 eV) LUMO (-2.815 eV) LUMO (-6.648eV) LUMO (-3.336 eV) 
    
HOMO (-10.127 eV) HOMO (-5.674 eV) HOMO (-10.343 eV) HOMO (-6.170 eV) 
    
NNP NNPF   
  
  
LUMO (-7.004 eV) LUMO (-3.912 eV)   
  
  
HOMO (-10.546 eV) HOMO (-6.514 eV)   
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BtPP BtPPF BtNP BtNPF 
   
LUMO (-6.528 eV) LUMO (-3.095 eV) LUMO (-6.869 eV) LUMO (-3.720 eV) 
   
HOMO (-10.028 eV) HOMO (-5.889 eV) HOMO (-10.225 eV) HOMO (-6.290 eV) 
    
BtPN BtPNF MbPP MbPPF 
 
 
LUMO (-6.821 eV) LUMO (-3.440 eV) LUMO (-6.361 eV) LUMO (-3.131 eV) 
  
 
HOMO (-10.252 eV) HOMO (-6.266 eV) HOMO (-9.329 eV) HOMO (-5.670 eV) 
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